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ABSTRACT
The e. s. r . sp ec tra  o b se rv ed  during the decom position 
of a c y la ry ln itro sa m in e s  in  four s e r ie s  of so lvents have 
been investiga ted , and the m echan ism s of the reac tio n s  
d iscu ssed  in  te rm s  of the ra d ic a ls  involved.
F o r a ro m a tic  hydrocarbons two signals w ere detected .
The f i r s t  was th a t due to the (N -phenylacetam ido)phenyl- 
n itrox ide  TT-radical, a s  re p o rte d  by C half ont and P erk in s  
(J. A m er. Chem . Soc., 1967, 3054), while the second was
a ttr ib u ted  to the phenyld iazo tate cf-radical. The s tru c tu re  
of th ese  ra d ic a ls  is  d iscu ssed  in the ligh t of a study of the 
sp e c tra  re su ltin g  from  v a ria tio n  of the acy l and a ry l  groups 
of the n itro sam id e  and of th eo re tic a l ca lcu la tions using the 
Me L achlan  and ONDO m ethods. The m echan ism  o rig in a lly
p roposed  by R iichard t and F reudenberg  ( T e trahed ron  L e t t e r s , 
1 9 6 4 , 3 6 2 3 ) is  p re fe r r e d  to tha t of P e rk in s , in  view  of the 
fa ilu re  to de tec t the c h a in -c a r r ie r  ra d ic a l of the la t te r  schem e 
in  som e of the so lvents, the in tensity  of the phenyldiazotate 
signal rem ain ing  constan t throughout.
F o r e th e rs  the two signals observed  w ere ass ig n ed  to
(N -phenylacetam ido)phenylnitroxide and (N -pheny lace tam ido)-l- 
a lkoxyalkyln itrox ide re su ltin g  from  the addition of phenyl and
V.
1 -alkoxyaXkyl ra d ic a ls  to the n itro so  group of the n itro sam id e . 
The m echan ism  proposed , which is  a lso  applicab le  to the 
reac tio n  in  a lcoho ls, is  b ased  on that cu rren tly  accep tab le  
fo r the decom position of diazonium  sa lts  in  e th e rs .
W henever possib le  assignm en ts  have been m ade fo r the 
various o th er signals de tec ted  and the m ode of fo rm ation  of 
the ra d ic a ls  d iscussed .
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2.
I THE STUDY OF FR E E  RADICALS
a) P rea m b le
The d iscovery  of tripheny lm  ethyl by C om ber g  ^ in 1900
opened the e ra  of f re e  ra d ic a l chem istry . D espite  s e v e ra l
decades of scep tic ism , based  on a r ig id  ad h eren ce  to K ekule’s
idea of the constan t quadrivalency  of carbon, o th er stab le
2 3ra d ic a ls  w ere p re p a re d  * and a num ber of chem ists  p ostu la ted
the ex istence  of tra n s ie n t ra d ic a l in te rm ed ia te s , both in
4 5so lu tion  and in  the gas phase.
Although, through the y e a rs  th e re  have been a v a rie ty  of
in te rp re ta tio n s  of the te rm  “ra d ic a l”, today i t  can be defined
as “an  atom  o r group of atom s which contain  one o r  m o re
unpaired  e le c tro n s ’*: i t  thus encom passes not only n eu tra l
sp ec ies such as n itr ic  oxide, the sodium  atom  and phenyl (C^H^),
but a lso  ions like  the naphthalene anion.
The sub jec t has been  rev iew ed  in  de ta il by a num ber of
au tho rs, ^ and th e re  follows but a b rie f  sum m ary  of the ch em is try
of f re e  ra d ic a ls .
3.
b) F o rm ation
7I t was Ingold in  1938 who d istingu ished  betw een the two 
possib le  m odes of covalent bond fiss io n  as;
+H ete ro ly sis  - A :B ------ >A + B
H om olysis - A ;B ------------- +-B
Hom olytic fis s io n  can be induced by:
(i) The th e rm o ly sis  of a ll o rgan ic  bonds in the gas phase
above 800*  ^ and of weak bonds in  solution,
8 7 ft 8 ft^e, g. Ph .N iN , CPh_ Ph> + N . 4-‘C P h ,J Jrllxi 2 j
(ii) P ho to lysis  of gases, liquids and so lids, 
e .g . C l  —--) 201*
e.g .'^  Ph^Hg ----- 2Ph. +H g
(iii) E lec tro n  tran sfe r.
e .g . RCO_”   > RCO -Z anode Z
c) R eactions
The re ac tio n s  of f re e  ra d ic a ls  can be c la ss if ied  thus:
The ra d ic a l destroy ing  p ro c e s se s  of:
(i) Com bination. R* 4* R ’* -----^  R R ‘
e .g . 2PhCH£  ) PhCH^CH^Ph
4.
(ii) D isproportionation . ERCH^CH^ ->  RCH^CH^ +RCH:CHg 
and the  ra d ic a l propogating p ro c e s se s  of:
(iii) A ddition to m u ltip le  bonds. R* + X=Y —^ R -X -Y '
e. g. Ph- + Ph-CH=CHg - 9  Ph-C H -C H  -P h
(iv) F ragm en ta tion . R- ----- 9 R*.+Y
e .g . P h-C O  -  9 Ph- + CO
(v) A bstrac tion . R- + R 'Y  -----» RY + R '.
e. g. P h . + CCI. ----- > PhC l + -C C I,
(vi) R earran g em en t. R* R*'
J : .e .g . M e-C -C H g ------^  MeCOCH^*
R adical re ac tio n s  a r e  often com plicated  by chain  p ro c e sse s .
A re a c tiv e  ra d ic a l is  g en e ra ted  in  an  in itia tio n  s tep  and p roducts
a r e  fo rm ed  in  the chain sequence until te rm ination . A
typ ical exam ple is  the ch lo rination  of a  hydrocarbon.
In itia tion : Cl^ Cl*
Propogation ; CP + R H  — > R - + HCl
R- + C l^   » RCl + Cl*
T erm ination : 201*  ^  01
2R*   > R^
01* + R*   ^ RCl
5,
d) M ethods of Study and D etection
Stable f re e  ra d ic a ls  such as n itr ic  oxide, galvinoxyl ( l)  
and 2, 2 -diphenyl - 1 -picrylhydra& yl (2) can be stud ied  by 
conventional chem ical techniques. The p re se n c e  of the 
unpaired  e lec tro n  has w ell-defined  effects, not only on th e ir  
reac iao n s,b u t a lso  on the u ltrav io le t, v is ib le  and in fra re d  
sp ec tra .
Bu NO-Bu
NO,
Bu Bu NO
(1) (2)
On the o th e r hand, fo r the m a jo rity  of reac tio n s  involving
tra n s ie n t ra d ic a ls  the evidence is  c ircu m stan tia l, re su ltin g
from  a  deta iled  study of the k in e tic s  and products of the system ,
10Although su scep tib ility  m easu rem en ts  have been u sed  
to i l lu s tra te  the p a ram ag n e tic  n a tu re  of f re e  ra d ic a ls  throughout 
th is century , i t  has been  the rap id  developm ent of e lec tron  
sp in  reso n an ce  techniques which has provided, f i r s t  the 
p h y s ic is t and th e o re tic a l chem ist, and m o re  recen tly  the o rgan ic  
ch em ist with a sen s itiv e  m agnetic  probe.
6.
©) E lec tro n  Spin R esonance of F re e  R ad ica ls in  Solution
F u ll accounts of the theo ry  and app lication  of e. s. r.
spec tro sco p y  appear in  a num ber of books and
12rev iew s.
A b r ie f  ou tline of the in fo rm ation  that can be obtained fo r 
o rgan ic  ra d ic a ls  is  given below.
If the e lec tro n  is  co n sid e red  as  a  spinning charged  p a r tic le  
i t  has an a sso c ia te d  m agnetic  m om ent
= -g p s  (I)
w here ^ is  the m agnetogyric  ra tio , h = h /2 ir and h is  P lan ck 's
constan t, S is  the sp in  v ec to r of the e lec tron , g is  known as 
the ”g -fa c to r"  and p is  the Bohr m agneton.
Since the e lec tro n  spin is  quan tised  the m agnetic  m om ent in  
a given d irec tio n  ( 55 ) is
P-g = -sPMg (2)
w here is  the m agnetic  sp in  quantum  num ber equal to - 1 / 2 .
If the e lec tro n  is p laced  in  a uniform  m agnetic  fie ld  in  the 
z  d irec tio n  the c la s s ic a l  in te rac tio n  energy of the e lec tro n  with 
the fie ld  (H) is
E = -p.. H (3)
7.
while the quantum  m echan ica l H am iltonian is
<H = gP S ^ .H  (4)
with eigenvalues E = gPM^H (5)
+Then s ince  M “ - 1/2, th e re  a r e  two spin s ta te s  with s
energ ies E^ ^^ = |  gpH and E^y^ = gPH.
The energy d iffe rence  betw een these  s ta te s  is  given by
A E  = gpH (6)
o r in  frequency  un its: hv = gPH (7)
When equation (7) is  sa tis f ie d  an e lec tro n  in  the low er 
s ta te  with m agnetic  m om ent p a ra lle l  to the fie ld  m ay be 
excised by e lec tro m ag n e tic  rad ia tion  of frequency  p to the 
h igher s ta te  with m om ent opposed to the fie ld  - and v ice  v e rsa . 
g -V alues
When the re so n an ce  condition is sa tis f ie d  the "g -va lue"  o r 
"sp ec tro sco p ic  sp litting  fa c to r"  is  re la te d  to the m agnetic  fie ld  
H by equation (7).
F o r  a f re e  e lec tro n  (p o ssessing  only sp in  angu lar m om entum ) 
the g - value is  2.002322, and fo r e lec trom agnetic  rad ia tio n  a t 
X -band freq u en c ies  (3cm. wavelength) re so n an ce  o ccu rs  n ea r 
3000 gauss.
However, fo r p a ram ag n e tic  m o lecu les th e re  m ay also  be a
8.
contribu tion  to the m agnetic  m om ent ft fro m  o rb ita l angular 
m om entum , which w ill be o b se rv ed  as a deviation of the g -value 
from  that of the f re e  e lec tron , causing resonance  to occu r a t  a 
d iffe ren t value of the field.
As the sp in -o rb it coupling p a ra m e te rs  of m o s t he te roa tom s 
d iffer from  that of carbon, m easu rem en ts  of g -va lues can d istingu ish  
betw een v ario u s c la s se s  of ra d ic a ls .
e. g.
T riphenylm  ethyl in  toluene
14C um ylperoxyl in  benzene
13
O N-O»’ in  w ater 15
g = 2.002588
g = 2.00155 
= 2. 0064
N -Sf in  iodobenzene 16 g = 2. 0171
H yperfine S tru c tu re
The in te rac tio n  of the un p a ired  e lec tron  with nucleii of 
no n -zero  sp in  re su lts  in  hyperfine s tru c tu re  of the re sonance  
line; fo r a nucleus of sp in  I th e re  a re  21-fl hyperfine  lin es . 
Below a re  l is te d  som e of the nucle ii found in o rgan ic  compounds
with th e ir  spins.
o 1^0 '^8
1/2 ‘h
1
3/2
5/2
I t is  to the hyperfine coupling constants tha t tlie chem ist 
f i r s t  looks fo r the iden tifica tion  and th eo re tic a l study of f re e  
ra d ic a ls ,
Linew idths and K inetics
W hile the position  of the resonance  lines is  governed by
the g -value and the sp litting  constan ts, th e ir  width depends
17on the re lax a tio n  tim e. S everal au tho rs have developed
th eo rie s  re la tin g  shape and lin e  width to the v ario u s  sp in -sp in
and sp in - la ttic e  contribu tions to the re laxation , and the sub jec t
18has recen tly  been rev iew ed  in detail.
The k in e tics  of such  p ro c e s se s  as e lec tro n  tra n s fe r  and 
in tra m o le c u la r  m otions m ay a lso  be studied  by th e ir  in h e ren t 
lin e  width effects.
10.
Long- and S h o rt-liv ed  R ad icals
The ea rly  e. s. r . s tud ies of rad ica ls  in  so lu tion  dealt
19m ain ly  with s tab le  sp ec ies such as cyclopentadienyls,
20 21 22 h yd razy ls , ca rb azy ls , and n itrox ides, m o s t of which
m ay be obtained in  a  p u re  c ry s ta llin e  fo rm .
The o b serva tion  of ra d ic a ls  with h a lf- life  tim e of le s s
than five m inu tes is  le s s  s tra ig h tfo rw ard , but is  rew ard ing  as
the re su lts  m ay confirm  the c irc u m stan tia l evidence, which
has been p rev iously  the lim it of study.
S everal techniques have been employed. In the f i r s t
ra d ic a ls  a r e  g en e ra ted  in such an  environm ent tha t th e ir
subsequent reac tio n s  a r e  slow: for exam ple, the u. v.
23ir ra d ia tio n  of m o lecu les held  in  rig id  g la sse s .
The second m ethod co n sis ts  of subjecting the liqu id  o r
solution to high in ten sity  rad ia tio n  so that ra d ic a ls  a r e
fo rm ed  rap id ly , and desp ite  th e ir  sh o rt l ife - t im e  a r e  m ain ta ined
in  a m easu reab le  concen tration .^^
The th ird  m ethod is  to m ix  flowing so lutions of the
re a c ta n ts  im m ed ia te ly  befo re  they en ter the cavity of the
sp ec tro m e te r. In th is way the rad ica ls  a re  ob serv ed  sh o rtly
a f te r  genera tion  and h a lf- life  tim es of 100 m illiseco n d s can
25be dea lt with. Using th is  technique Gutch and W aters w ere
IK
able to o b serv e  the s p e c tra  of som e sh o rt- liv e d  n itrox ide  
ra d ic a ls  of the type •0~NK*>R, by oxidation of the co rresponding  
hydroxylam ine with e e r ie  am m onium  n itra te .
M ore recen tly  a  new probe fo r hom olytic reac tio n s  has 
been developed in  which the tra n s ie n t sp ec ies is  scavenged by 
a n itro so  group to fo rm  a s tab le  n itrox ide. Thus a phenyl 
ra d ic a l could be in fe r re d  from  the observa tion  of the  e. s. r . 
sp ec tru m  of t-bu ty lph eny In itrox ide  in the p re se n c e  of
2 -m e th y l-2 -n itro sopropane.
Ph* + N =0 
Bu^
Ph-N-O*
B u '
A re c e n t app lication  of th is m ethod is  the study of ra d ic a ls
27involved in  the p o ly m erisa tio n  of s ty ren e .
A c la s s ic  exam ple of a f re e  ra d ic a l re ac tio n  is  the 
decom position  of acy la ry ln itro sam in es . The m echan ism  
of the reac tio n  having been the focus of a tten tion  and co n tro v ersy  
fo r m o re  than ninety  y e a rs  has recen tly  becom e the sub jec t 
of e. s. r. study.
12.
II ACY LARY L.NI TROSAMINES
The decom position of acy la ry lm tro sam in ea  has been the
sub jec t of in tensive  study since  they w ere f i r s t  p re p a re d  by 
28F isc h e r  in 1876.
E a rly  work^^ cen tred  on estao lish ing  that N -n itro so -
ace tan ilid e  was tau to m eric  with benzened iazoacetate , and 
tha t decom position in  a ro m a tic  so lvents led  to b ia ry ls :
Na'*' "O.N:N. P h  + RCOCl
Ph. N(NO). COR  ^ Ph. N;N. OCOR - ^ - - 4  P hA r + N +RCO H
T
h o " + C l" 'V  P h  + RCOCl
G rieve and Hey undertook a  m o re  thorough exam ination
of the N -n i tro so ace tan ilid e  decom position, and in  1934
4published  re su lts  which ap p eared  to ru le  out an ion ic  reac tio n  
m echanism , The b ia ry ls  fo rm ed  w ere invariab ly  substitu ted  
in  the ortho  and p a ra ~positions, ir re s p e c tiv e  of the n a tu re  of 
the substituen t groups in  the solvent. They suggested  that 
th ese  o bserva tions could be explained by a phenyl ra d ic a l 
in te rm ed ia te , which being e lec tr ic a lly  n eu tra l would not be 
sub jec t to the p o la r effects no rm ally  a sso c ia te d  with ionic 
substitu tion : the absence  of the d im érisa tio n  p roduc t biphenyl
13.
was a ttr ib u ted  to the sh o rt life tim e  of the ra d ic a l in  solution.
S 32F u rth e r  exam ination * estab lished  tha t m e ta -substitu ted
products w ere  a lso  form ed, and that s im ila r  iso m e r  ra tio s
w ere  obtained from  o th e r phenyl rad ica l so u rces  such as
benzoyl perox ide and phenylazotriphenylm ethane.
33A nother il lu s tra tio n  of the p re se n ce  of f re e  ra d ic a ls  
cam e from  the ab ility  of acy la ry ln itro sam in e  decom positions 
to in itia te  p o ly m erisa tio n  of such compounds as s ty ren e  and 
ac ry lo n itr ile .
Although the n e c e ss ity  of the phenyl ra d ic a l in te rm ed ia te
34was questioned, conclusive evidence, su m m arised  in
35 36 re c e n t rev iew s, was p re se n te d  by Hey and W aters in
defence of the now accep ted  concept of hom olytic a ro m a tic
substitu tion .
37B utte r w orth and Hey continued the study of H -n itro so - 
ace tan ilid e  by m easu rin g  the ra te  of n itrogen  evolution in  a 
v a r ie ty  of so lven ts. With the exception of a c e tic  acid , tlie 
k in e tics  w ere found to be f i r s t  o rd e r , and the r a te  constan t
v a r ie d  little . In v iew  of th is they proposed  the following schem e:
fa s t  c'lri'wPh. N(NO). Ac Ph. N;N. OAc — — Ph'  + M + *OAc
38Some y e a rs  la te r  Huisgen and H oreld  showed tha t the 
ra te  of coupling with p-naphthol was v ery  s im ila r  to the ra te
14.
of n itro g en  evolution as  m e a su re d  by Hey. They concluded 
tha t the ra te  determ in ing  s tep  m u s t be the d iazoace ta te  fo rm ation  
thus:
Ph.N (N O ). Ac P h .N :N . OAc — Ph-  + N + -OAc
I
 ^ coupling with {3-naphthol
39De T ar exam ined tlie p o ss ib ility  of h e te ro ly tic  f is s io n  of 
the d iazoace ta te  by studying the  decom position in  m ethanol 
plus add itives. F o r pu iem ethanol and m ethanol p lus sodium
a c e ta te  he found form aldehyde, benzene and  tra c e s  of biphenyl
4as re p o rte d  p rev iously , bu t fo r m ethanol plus su lphuric  ac id  
an iso le  re su lted , suggesting  carbonium  ion fo rm ation . He 
m odified  Huisgen*s schem e to account fo r his o b serv a tio n s:
Ph. N(NO). Ac f = = ^  Ph. N:N. OAc ■— * ■) Ph- + N + -OAc
11 v e ry  fa s t
Ph'*' + Ng ■ PhNg'*' "OAc
The decom position of flu o rin e  su b stitu ted  ac y la ry ln itro sa m in e s ,
40 ,41stud ied  by Suschitzky and co -w o rk ers , a lso  ind icated
the n ec ess ity  of including h e te ro ly s is  in  the m echan ism  even 
fo r non -po lar so lven ts. They o b se rv ed  substitu tion  of o rtho  
and p a ra *-fluorine by acetoxy, thus indicating  a c e ta te  ions in  
solution.
15.
The m echan ism  of the n itrogen  to oxygen m ig ra tio n  of
42the acy l group was exam ined independently by Hey and 
43Huisgen, both of whom considered  two p o ss ib ilitie s :
(A) A r-N -C t®  A r - N l  '^'COR A r-NI i t  I I t
N =0 N =0 N -O -COR
(B) A r -N -c l
I
N =0
•O
R A r-N '"C ( \
N'C'O
O
R 4 A r-N  C tp  II I ^  
N -O
(B) was chosen in  p re fe re n c e  to (A) as  a  re s u l t  of a  s e r ie s
of te s ts :
(i) E lec tro n ic  effects the ra te  a lte re d  little ,n o
m a tte r  what the e lec tro n ic  n a tu re  of m - and p -  substituen ts 
in  the a ry l ring.
42 43c(ii) St e r ic  e ffec ts : * bulky o rtho -groups in  the  a ry l
ring  d e c re a se d  the r a te  by hindering  fo rm ation  of the cyclic  
in te rm ed ia te  in  (B): on the o ther hand bulky acyl groups
a s s is te d  its  fo rm ation .
(iii) Salt and so lven t effects ^^ '^for decom positions in 
ethanol, ethanol plus w ater and ethanol plus lith ium  ch lo ride  
no v a r ia tio n  in  the ra te  was found.
(iv) In te rm o lec u la r d éacy la tion :^ ^* d ie in troduction  of a 
stro ng  nucleophile such as p ip erid in e  re su lte d  in  an in c re a s e  
in  ra te , suggesting in tram o lecu la r  re a rra n g e m e n t to the cyclic
16.
in te rm ed ia te  was being re p la ced  by e a s ie r  in term olecx ilar 
déacylation.
(v) C onfiguration of the  d ia z o e s te r ; m echan ism  (B) dem ands
tha t the d iazo e s te r be t r a n s . This was confirm ed  by H uisgen’s^^^ '^  
experim en ts  on the re a rra n g e m e n t of N -N itroso lac tam s to
d ia z o e s te rs , and by the fo rm atio n  of indazo le  fro m  the
43fdecom position  of o -m eth y l-N -n itro so ace tan ilid e  in  ch loroform .
A num ber of fe a tu re s  of the  system  s till  rem a in ed  a puzzle.
44F ir s t ,  although W aters had shown qualita tive ly  the
fo rm atio n  of carbon  dioxide, tlie am ounts as m e a su re d  by
39,45 . 3 8De T ar and H uisgen w ere  quite incom patib le  with the
exisi^mce of f re e  acetoxy ra d ic a ls  in  solution, which w ere 
46known to decom pose read ily  to carbon diosdde and m ethyl.
Secondly, by analogy w ith the decom position of dibenzoyl
47perox ide  in  benzene, the ary lcyclohexad ieny l ra d ic a l 
re su ltin g  from  addition  of phenyl to the a ro m a tic  s u b s tra te
m igh t be expected to d im e rise  and d isp ropo rtiona te . Y et
48E li el, E b e rh a rd t and Sim am ura*s ca re fu l exam ination of 
the p roducts  of N-nitro so ac e tan ilid e /b e n zen e  and phenylazo- 
trip h en y lm eth an e/b en zen e  decom positions fa iled  to find any 
quaterpheny ls o r  d ih y d ro b ia ry ls ,
17.
In o rd e r  to explain th e se  d iac rep an c ies  a  ’’diffusion con tro lled"
48m echan ism  was proposed , w hereby acetoxy and a ry lc y c lo - 
hexadienyl ra d ic a ls  w ere  g en era ted  in  a so lvent "cage"; ra p id  
ab s tra c tio n  of hydrogen by the acetoxy ra d ic a l would re s u lt  in  
a c e tic  ac id  and b ia ry l as observed .
49On the o th er hand D enney, G ershm an and A pptJbaum
found that in  the p re se n c e  of a  ra d ic a l in te rc e p to r such as
8terrene o r  a c ry lo n itr ile  the y ie ld  of n itrogen  rem a in ed  constant,
while tha t of b ia ry l d ec reased . This was followed by E li el 
50and Saha’s re p o r t  of the scavenging of 90-100% of the 
phenyl ra d ic a ls  fo rm ed  in  the decom position of N -n itro so - 
ace tan ilide  in  benzene containing iodine in  low  concentration .
Thus a " fre e "  phenyl ra d ic a l was ind icated  and a cage 
m echan ism  ru le d  out.
The absence  of d im érisa tio n  and d isp roportionation
products fo r phenylazotriphenylm ethane was shown by se v e ra l
51groups of w orkers to be due to die high s ta tio n a ry  s ta te  
concen tra tion  of s tab le  triphenylm ethy l ra d ic a ls  concom itantly  
fo rm ed  in  the decom position.
52R uchard t and F reu d en b erg  then p roposed  a schem e fo r 
N -n itro soace tan ilide  in  benzene, which a lso  contained a  s tab le
SCH EM E 1
R uchard t 1964
Ph. N(NO). Ac +4 Ph.N iN . OAc PhN ■ OAc
In itia tion : Ph. N(NO). Ac + "O A c------ > Ph. N:N. O ' + A c O
Chain P ro c e ss :
PhN.
I -
Ph.N :N . O <-
 !
X
Ph. N:N. O. N:N. Ph
Ph- N.
PhH
4 AcOH
AcO 
Ph. N;N. OH
H P h -> P hP h
18.
f re e  ra d ic a l capable of ab s trac tin g  hydrogen and  thus cleanly
oxidising phenylcyclohexadienyl to biphenyl. A nother
sa tis fa c to ry  fe a tu re  of th e ir  m echan ism  (Schem e 1) was the
fo rm ation  of ac e tic  acid , in  a chain p ro c e ss , fro m  ace ta te
ions and not from  the unstab le  acetoxy rad ica l.
The e ssen tia ls  of th is m echan ism  w ere com m on to the
one R uchard t and Merz*^^ had e a r l ie r  p roposed  fo r the closely
31re la te d  G om berg a ry la tio n  with diazonium  sa lts  and a lkali;
P h N .‘'‘ F===i [Ph.N :N . OH] ; -9%  ' Ph.K}N.O"+ H O
w2 -
Ph.N :N . O + PhN, Ph. N:N. O.N:N. P h
Ph.N :N . O.N:N. P h Ph* + + P h .N rN .O -
(3)
Ph- + PhH  ------- > [PhC^H PI]*
[PhC^H^Pl]* f  P h .N :N . O*  > P hP h  + P h .N :N .O H
Ph,H ;N . OH f  OH ^  Ph .N :N . O f  H O
The in te rm ed iacy  of die d iary ld iazoanhydride, as a  highly
explosive yellow  solid , in  diazonium  hydroxide sy s tem s had
54long s ince  been suggested  by B am berger and la te r  by 
31G om berg, bu t i t  was not un til I960 tha t ICauffmaim, F r ie s ta d  
55and Henlcler de te rm in ed  i ts  s tru c tu re  with any ce rta in ty .
4 lSuschitzky a g re e d  th a t the diazoanhydride was a  likely
T A B L E  1
H yperfine coupling constan ts (a.), exp erim en ta l and 
ca lcu la ted  sp in  density  d is trib u tio n s {jo)  fo r the phenyld iazo tate 
ra d ic a l (3).
7
98
N ^ = N ? —
Atom a. in  gauss /O (exp. ) yO (calc . )
1 0. 5442
2 +1.67 -0.0244
3 +11.61 0.2179
4 0.0264
5 .9 -2.60 0.1095 0.0944
6, 8 0.89 -0.0375 -0.0407
7 -2.73 0. 1152 0.1286
* C alcu la ted  assum ing Q= -23.7 gauss
Me L achlan  calcu lations using: X  = 1.1, h^=  0.5, h^= 1,0,
19,
in te rm e d ia te  so u rc e  of phenyl ra d ic a ls  fo r N*-nitrosoacetaiiilide 
as  w ell, bu t questioned  its  m ode of fo rm ation : an a lte rn a tiv e
was h e te ro ly s is  of the n itro sa im d e  to diassotate anion and 
subsequen t com bination with diazonium  ions.
Ph. N(NO). Ac Ph. N:N. OAc
1L U
(Ph.N :N , O" tA.c]  _______  [PhN,'*' “OAc]
[P h .N :N .O ‘ ^.N.Ph]  ^ [AcO’ "^ Ac]
i  I
Ph. N ;N. O. N ;N. P h  Ac^O
R uchard t^^ ' supported  h is m echan ism  with the o b serv a tio n
of a long-lived  e. s. r . s igna l when the decom position  took
p lace  in  the cavity  of an e. s. r .  sp ec tro m e te r. He cla im ed
that the ass ig n m en t of the signal to the d iazo ta te  îf—ra d ic a l (3)
in  h is schem e was supported  by M cLachlan m o lecu la r o rb ita l 
57ca lcu la tions. The sp litting  constants, experim ental and 
ca lcu la ted  sp in  density  d istribu tions a re  rep ro d u ced  in  T able 1.
F o r  the  p ro tons a ttached  to carbon atom s 5 to 9 the 
hyperfine sp litting  constan t a ^  is  re la te d  to the tt- e lec tro n
spin  density  yo on the ad jacen t carbon by the M cConnell
_ 58equation
«H = Q
w here Q is  the constan t of p ropo rtio n a lity  and has a value of
20.
about -23. 7 gauss fo r th is type of rad ica l. Thus experim en ta l 
sp in  densities  can be com pared  with those found from  M. O. 
ca lcu la tions.
However, fo r the n itro gen  nuclei! no such s im p le  
re la tio n sh ip  holds, th e re  being possib le  contributions to the 
coupling constan t fro m  spin density  on neighbouring atom s 
and on the n itrogen  itse lf .
59The m o re  de ta iled  pap er which followed re p o rte d  the
u se  of iso top ic  labelling  to ana lyse  the signal fu rth e r . F o r the
p -d eu te ro  ra d ic a l i t  was shown tha t the a values w ere  noto -H
equivalent, thus suggesting an angled s tru c tu re  fo r the
15sy stem . By synthesising N -n itro so ao e tan ilid e  from  N 
am m onia and benzoyl ch lo ride  the n itrogen  atom s w ere  
effectively  labelled :
PhCOCl + + PhCO^^NH- “ ^ ^ P h ^ ^ N H C O C H ,3 4 2 Ac^O 3
N -O
n itrous
fum es
Ph^®N=NO* <------------  Ph^®N COCHj <------------  Ph^^N(NO)COCH
C o n tra ry  to the p red ic tio n s of the Me L achlan  
ca lcu la tions, th ese  re su lts  a ss ig n ed  the m a jo r sp litting  
(a^  = 11. 6 l gauss) to the n itrogen  No, Z, ad jacen t to the 
oxygen and not to n itrogen  No. 3.
21.
The o ffe red  explanation fo r th is re v e rs a l  was la rg e  
contribu tions fro m  the sp in  density  on neighbouring atom s.
This apparen tly  sa tis fa c to ry  explanation fo r the decom position 
and the e. s. r . s ignal was brought into question  by the 
o b serv a tio n  by P e rk in s^ ^ ' e t al, of e ssen tia lly  the sam e 
signa l on m ixing benzene solu tions of n itro sobenzen e  and 
N-b r  omo a c e tan ili de.
. 60C -N itro so  compounds w ere  known to scavenge phenyl 
ra d ic a ls  to give n itro x id es , and h e re , they claim ed, a 
s im ila r  p ro c e ss  would re s u l t  in  ra d ic a l (4). I t could likew ise  
be fo rm ed  from  n itro sobenzene  and the acetam ido  ra d ic a l 
derived  fro m  the hom olysis of the N -B r bond in H -brom o- 
acetan ilide .
Ph' N =0 Ph -N-O# Ph-N =04 -----  ^ a ; -^---
P h-N  - Ac Ph^ -N -Ac P h  -N - Acb
(4)
In th is way the n itrogen  ad jacen t to the oxygen would have
•  •* 59the la rg e  sp litting  as  suggested  by Ruchardt*s data. V ery 
low sp in  density  on ring  Ph^ would account fo r the fa ilu re  to 
o b se rv e  sp littings fro m  its  p ro tons.
P e rk in s  m odified  R uchardt*s m echan ism  to fe a tu re  the
SCH EM E 2
P e r k in s  1967
Ph. N(NO). Ac -> Ph, N:N. OAc
Initiation; P h .N ;N . OAc P h . + N , + .OAc
Chain P ro c e ss : 
Ph. NiN. OAc Ph-N -O H
^ P h P h
H Ph
PhHAcOH +N „+  P h
22.
(N -phenylacetam ido)phenylm troxide (4) and no t the  pheny l- 
d iazo ta te  (3) in  the chain  p ro c e ss . His m echan ism  is  shown 
in  Schem e 2,
62A th ird  ro u te  to (4) was p rov ided  by F o r r e s te r  in  1968, 
when he ox id ised  N,~&cetylhydrazobenzene with t-bu ty lhydro«  
perox ide ; th is , h e  c la im ed , c lea rly  supported  Perkin*s 
v iew  th a t (4) was the ra d ic a l in  the a ry la tio n  p ro c ess .
Although th ese  schem es explainedm any of tlie experim en ta l 
o b se rv a tio n s, they could not account fo r the anom alous behav iour 
of o -t-b u ty l-N -n itro so a ce tan ilid e  re p o rted  by Hey, Cadogan
63and W illiam s in  1954. The p a rtic ip a tio n  of an  a ry n e  was
♦ » 64  .ind ica ted  by a  46% y ie ld  of o -  and m ^-t-butylphenyl ace ta te s
and by the fo rm ation  of the a ry n e  adduct l-t~ b u ty ltrip ty cen e
when an th racen e  was p re se n t.
Two ro u tes  to the a ry n e  have been suggested ,
6 3F irs t ly , v ia  the cie-configuration  fo rc ed  on the d iazo - 
a c e ta te  by the s iz e  of the o rth o *substituent thus:
Bu^
111+ HOAc -----> o™ and m -a c e ta te sOAc
23.
65Secondly, by the  ra p id  expulsion of n itrogen  fro m  the 
o rtho -su b stitu ted  diazonium  ion to y ield  a carbonium  ion:
u N.
+H
Bu
OAc ^  O - a c e ta te
.HQAc—  ^ o -  and m -  a c e ta te s
The question  of a ry n e  p a rtic ip a tio n  was again  ra is e d  when
6 5  66Brydon and Cadogan ' d iscovered  tha t unsubstitu ted  
N -n itro soace tan ilide  fo rm ed  the benzyne ’’adduct" 1, 2, 3, 4 - te t r a -  
phenylnaphthalene in the  p re se n c e  of 2, 3 ,4 , 5« tetraphenylcyclo - 
pentadienone; how ever no adducts w ere fo rm ed  with fu ran  
and an th racen e  - no rm ally  accep ted  tra p s . This anom aly was 
the su b jec t of m uch study, and i t  was auggested^^ tha t 
while the o -t-b u ty l-N -n itro so ace tan ilid e  decom position p ro ceed ed  
v ia  a tru e  a ryne , tîia t of N -n itro soacetan ilide  did not, the 
adduct being fo rm ed  fro m  the d ipo lar conjugate b ase  of the 
a ry l diazonium  cation. The m echan ism  outlined  in Schem e 3 
allow s for n o rm al ra d ic a l re ac tio n  and adduct fo rm ation  in  the
p re se n c e  of the trap .
24,
Ph. N ;R OAc ~'^ ^9 >
Schem e 3
U
AcO
HOAc +
-N ,
ra d ic a l p roducts
trap ^ adduct
A nother anom aly a ro s e  fro m  the o b serva tion  by se v e ra l 
w ork ers  tha t the decom position  of N «nitrosoacetan ilide in  
carbon te trach loride^*  re su lte d  in  ace tic  ac id  and
benzene diazonium  ch lo ride  as  m a jo r  p roduc ts , and tha t though
68chlorobenzene was a lso  form ed, th e re  was no sign  of the
trich lo ro m eth y l so lven t re sid u e .
Schem e 3 above accounted  fo r the fo rm ation  of ace tic  acid ,
but i t  could not explain the benzene diazonium  chloride. N or
has th e re  been a  sa tis fa c to ry  explanation of the  ab s tra c tio n
products of ra d ic a ls  p roduced  by acy la ry ln itro sam in es  and o th e r
a ry l so u rces . F o r exam ple, when N -n itro soacetan ilide  is  used
both ch lo rine  and b rom ine  a r e  a b s tra c te d  from  b ro m o tr ic h lo r-  
71m ethane, but o th e r a ry l so u rces  show a lm o st neglig ib le  
ch lo rine  ab strac tio n . A lso ra d ic a ls  from  ’N -n itro soace tan ilide
35,
a b s tra c t  both ch lo rine  and  hydrogen from  ch loroform , while 
those  from  dibenzoyl perox ide  take only hydrogenf^* 51a, 70 72
So while e ith e r the  R uchard t (Schem e 1) o r  the P e rk in s  
(Schem e 2) m ech an ism s can account fo r m any of the  experim en ta l 
o b se rv a tio n s, th e re  re m a in s  a  num ber of p ro b lem s which 
s t i l l  re q u ire  solution.
26.
I ll  NITROXIDS RADICALS
Much of the co n tro v e rsy  su rrounding  the R uchard t - P e rk in s  
schem es fo r the decom position  of N -n itro soace tan ilide  ce n tre s  
on the  n a tu re  of the n itro x id e  ra d ic a ls  involved: thus a  brief*
d iscu ssio n  of n itro x id es , th e ir  chem istry , in h e ren t s tab ility  
and e. fl. r , s p e c tra  seem s ap p ro p ria te ,
a) H isto ry
73In 1845 F re m y  re p o r te d  the f i r s t  n itrox ide  - the ino rgan ic
compound p o tass iu m  n ltro sod isu lphona te  (5). This was follow ed
m o re  than fifty  y e a rs  la te r  by the f i r s t  iso la tio n  of an o rg an ic
74ra d ic a l po rphyrex ide (6), although P ilo ty  and Schw erin 
ass ig n ed  i t  s tru c tu re  (7).
'N  if 'N — ^KSOj
N —O ' Â  N '-O * J N - O
K S O /  X
(5) (6) (7)
O ver the  y e a rs  s in ce  then th e re  have been a wide ran g e  of 
o th e r exam ples vary ing  considerab ly  in  s tab ility : thus the
alipha tic  n itro x id es  and (9)^^ a r e  sh o rt- liv e d  and
can only be de tec ted  by e. s. r# spec tro scopy  using flow o r
27.
i r ra d ia tio n  techn iques, while the d ian isy ln itrox ide  (lO) of
3 79M eyer, tlie a ry la lk y ln itro x id e  ( l l )  of Kenyon and d i- t-a lk y l
n itro x id es  e. g. (12)^^ a r e  s tab le  and can be iso la ted  as
c ry s ta llin e  so lids.
H PhCH £ -M eO -C ,H
N -O - N-O* N -O 'I y  /H PhCHj, £ -M eO -C ,H
(8) (9) (10)
t
Ph-N -C M e^-C H ,-C M e=]Sî-Ph 'N -O\ à Ù \ r
Bu
tO' O Bu
( 11) ( 12)
The ch em is try  and e. s. r. sp e c tra  of tliis c la ss  of 
compounds have been the  su b jec t of rev iew s by Buchachenko, 
Rozantsev^^ and F o r r e s te r ,  Hay and Thom son.^^
b) S tru c tu re
N itrox ides can be re g a rd e d  as d eriv a tiv es  of the s tab le  
ino rgan ic  ra d ic a l n itr ic  oxide. T here  have been se v e ra l r e ­
p re sen ta tio n s  of the N -O  bond,to which the s tab ility  of th ese  
compounds is  a ttrib u ted .
F ir s t ly , as a  re so n an ce  hybrid:+ • . . .  r.:N -0: 4 ...... :N=0: <---------  > :N=0:
R^ R 4 -
N-Ô: <------------ $ ''A -O :/  /
R R
11a
28.
Secondly, as  a  cT-bond and a th re e  e lec tro n  bond:
R
82
R
83T hird ly , by Linnett*s double q u a rte t h y p o th esis , in 
which he co n sid ers  th a t s ix  e lec tro n s  of one sp in  a r e  a r ra n g e d  
as in  (A) and the  rem ain ing  five a s  in  (B). In th is way each 
atom  has an  o c te t of e lec tro n s , in te rac tio n  is  a t  a  m in im um  and 
th e re  a r e  five bonding e lec tro n s .
Xo
(A) R
R /  '
(B)
The o b serv a tio n  th a t ne itlie r n itr ic  oxide nor any o rgan ic  
n itro x id es  show any tendency to d im e rise  is  a lso  explained, as 
the num ber of bonding e lec tro n s  would not in c re a se , while 
in te r  e lec tro n ic  rep u ls io n  would.
F u r th e r  evidence fo r five  bonding e lec tro n s in  the N-O 
frag m en t com es fro m  tlie low  dipole m om ent, and from  the 
bond lengths and in f ra re d  sp e c tra , wliich a r e  in te rm ed ia te
betw een those  of and and of N -O  and N sO .
29.
Thus n itro x id es  d iffe r fro m  o th e r lo n g -liv ed  ra d ic a ls  in  
th a t th e ir  s tab ility  is  not deriv ed  from  conjugation o r  s te r ic  
fa c to rs  bu t is  an  in h e re n t p ro p e rty  of the N-O  group,
c) S tability
Although d im érisa tio n  a t  the  n itrogen  o r  oxygen a tom s is  
a lm o s t unknown, re ac tio n  can o ccu r by fragm entation , 
d isp ropo rtiona tion  o r  a ttack  a t  o th e r p a r ts  of the ra d ic a l.
Thus de loca lisa tion  of the u npaired  e lec tro n  through an  a ro m a tic  
ring  can give r i s e  to a le s s  s tab le  n itrox ide. As an  illu s tra tio n ,
d iphenylnitroxide is  s tab le  in  d ilu te solution, bu t on concen tra tion
84decom poses to diphenylam ine and quinonim ine-N -oxide.
P h ,  N -O . (— 5 P h , N - 0  f ) N P h-O  f
X
•) N P h-O '
_ _ _ _ _ _ _ I
P h -N
P h  NH f
+ - cïNPh-O
^ N P h - Q
Only when tlie ac tiv e  p a ra -position  is  blocked, o r  the 
unpaired  e lec tro n  lo c a lise d  in  the N -O  group by bulky ortho-
sub stitu en ts  p reven ting  cop lanarity , is  the  n itro x id e  stab le .
30,
84e. g. 4 , 4 * -d în itro -  (13) and Z, 2% 6, 6 ‘-te tram ethoxydiphenyl 
85n itro x id es  (14).
MeO OMe
NtO
MeO OMe(13)
(14)
L ikew ise fo r  a lky l n itro x id es  the p re se n c e  of an  a-hydrogen
atom  allow s ready  d isp ropo rtiona tion  to n itro n e  and hydroxy l- 
75, 86am ine.
RCH=i^-R RCH=Â-R
•H Ô" \  / I  0~
9* /  OH
R C H g -N -R  R C H  -N -R
On the o ther hand, the n itro x id e  is  s tab le  when n itro n e  
fo rm ation  is  p rev en ted  by the alky l group being te r t ia ry  o r ,
in  the p a r tic u la r  c a se  of the ra d ic a l (15) d erived  fro m  n o r-
87 88p seu d o p e lle trie r in e , by B ren d t's  ru le  p roh ib iting  the
in troduction  of a  double bond a t  a  b ridgehead  of a  b icyc lic  system .
(15)
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d) E. 8. R. Spectya
The s tab ility  of n itrox ides has m ade them  an id ea l su b jec t
fo r e. s. r . exam ination:^^' a s  m igh t be expected  fro m
the lo ca lisa tio n  of the e lec tro n  in  the N -O  group, th e ir  sp e c tra
a r e  c h a ra c te r is e d  by la rg e  n itrogen  hyperfine  coupling constants»
the m agnitude of which depends on the  extent of delocalisation .
T ypical exam ples a r e  shown in  T able 2,
TABLE 2
H yperfine Coupling C onstants fo r N itrox ides BJEl^ NO*
type R R* so lven t a ^ i n  gauss R efe ren ce
alkoxy alkyl Bu*0 PhCM e^ cum ene 28. 0 89
dialkyl Bu* Bu^ benzene 15. 36 90
a lk y la ry l Bu* P h ethylene glycol 13.4 91
d ia ry l Ph P h xylene 9. 66 92
alky lacy l Bu* COMe benzene 8. 0 93
a ry la cy l P h COMe benzene 7. 3 93
diacyl
\  r
N - O ' m ethy lene ch loride 4. 2 94
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e) Im inoxy R ad icals
A ll the  n itrox ides so fa r  m entioned have been  of the type
w here the unpaired  e lec tro n  is  in  a  m o lecu la r o rb ita l of
TT-sym m etry. F o r  the  im inoxy ra d ic a ls  ob tained by the
95-97oxidation of oxim es the o rb ita l is  b e s t  re p re se n te d  thus:
R R* R R*\  \  /C C« i ---------> n
The u n p a ired  e lec tro n  is  in  an o rb ita l, d e riv ed  fro m  a
n itro g en  sp ^ -o rb ita l and an oxygen p -o rb ita l, which lie s  in
the nodal p lane of the C-N t t  -bond. This o rb ita l is  orthogonal
to the  m o lecu la r IT-^system, so tha t the ra d ic a ls  a r e  d esc rib ed
98, 99as ra d ic a ls . This type of o rb ita l has a  la rg e r  s :p
r a t i o a n d  so, as  the hyperfine coupling constan t depends 
on the sp in  density  a t  the nucleus, im inoxy ra d ic a ls  a r e  
c h a ra c te r is e d  by la rg e  a ^  values in the reg ion  of 30 gauss.
Unlike m any tT-n itro x id es  im inoxy ra d ic a ls  a r e  unstab le  
even in  dilu te solution and in te re s t  has been r e s t r ic te d  m ain ly  
to th e ir  e. s, r. sp ec tra .
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lu  Table 3 a r e  l is te d  a  few  of the im inoxy ra d ic a ls  which 
have  been  o b se rv e d  with th e ir  hyperfine coupling constan ts in  
gauss.
TABLE 3
Splitting C onstan ts fo r  Im inoxy R ad icals
im inoxy ra d ic a l 
d e riv ed  from ; aldehyde
o th e r a_. R efe ren ce
syn -B enzaldoxim e 29.2 26.9 96a
an ti -B enaaldoxim e 29.4 6.2 ortho-H , 1.4 96a
sy n -A c etaldoxim  e 31.9 95
an ti -A cetaldoxim e 33.7 5 .2 95
Benzophenone oxim e 31.4 two ortho-H  fro m  96a 
one ring , 1.4
F lu o r enone oxim e 30,85 2.7 , 1.0 96a
The r e s t r ic te d  d e loca lisa tion  of the unpaired  e lec tro n  is  
i l lu s tra te d  by the sm a ll change in  the n itrogen  hyperfine  coupling 
constan t when the a ttached  group is  v a r ie d  fro m  a ry l to alkyl.
N otable fe a tu re s  of th ese  ra d ic a ls  a r e  the ’’through sp a c e ” 
and lo n g -ran g e  couplings they often exhibit. The fo rm e r  is  
c le a rly  i l lu s tra te d  fo r the ra d ic a l (16)^^^ d e riv ed  fro m  f lu o renone
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oxim e: sp littings o£ 2.7 and 1.0 gauss a r e  o b se rv ed  fo r
and re sp ec tiv e ly . The m ark ed  s te re o ch em ica l 
dis c rim in a tio n  betw een the aldehyde p ro tons of sy n .  and 
an ti-benzaldox im es is  s im ila r  to th a t o b se rv ed  fo r the w ell
H N a
C
tic.
H
( 16) (17)
102su b stan tia ted  CT-radical v inyl (17)*'^*^ fo r  v h ich  the values
a r e  68 and 34 gauss fo r  and resp ec tiv e ly .
A nother sy s tem  w hich i l lu s tra te s  the d iffe rence  betw een
Cf - and TT"radicals is  the ra d ic a l ions of n itrosobenzene.
103L em aire , Has s a t  e t al. o b se rv ed  the e. s. r . sp ec tru m  of
the n itro sobenzene  cation, g en e ra ted  e lec tro  chem ically , and
104com pared  i t  w ith th a t ob tained  fo r the  anion. F ro m  the  
re s u lts ,  rep ro d u ced  in  T able 4, they concluded th a t the anion 
was a  n o rm al TT-radical, exhibiting the u sua l coupling to a ll  
the a ro m a tic  ring  p ro to n s, while the cation  was a  O'—ra d ic a l, 
fo r which the la rg e s t  p ro ton  sp littin g  was due to lo n g -ran g e  
coupling with a  m eta-hydrogen. The notab le  d iffe rence  betw een 
anion and  cation was re la te d  to the e lec tro n ic  s tru c tu re  of the
35.
TABLE 4
g -fa c to rs  and sp litting  constan ts fo r nitrosobenzene ra d ic a l- io n s
gauss H gauss g -value
Anion 7.97 H ortho  = 3.84 o r  4,14 
and 2. 97
H m eta  = 0.96 and 1.14
H p a ra  = 4.14 o r  3.84
2.0060
C ation 37.0 1 H m eta  = 3.8 
1 o r 3 H = 1 . 3
2.0007
n itro so  compound. F o r  the p a re n t n itro sy l H -N -O  m o lecu le  the 
h ig h est occupied o rb ita l  is  of <3^ -sym m etry , w hereas that of the 
low est unoccupied is TT . Pem oval of an  e lec tro n  to fo rm  the 
cation tlius leav es  tlie unpaired  e lec tro n  in  a o* -o rb ita l, while 
addition of an e lec tro n  w ill p roduce a TT anion rad ica l.
The s tr ik in g  c o n tra s t betw een the  values fo r the two ions, 
re su ltin g  from  differing  deloca lisa tion , d istingu ishes the e. s. r .  
s p e c tra  of typ ical TT-nitroxides from  those  of cf-iminoxy ra d ic a ls .
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IV PROGRAMME OF RESEARCH
A t the o u tse t of the investigation , re p o rte d  subsequently  
in  th is  th es is , i t  was in tended  to re in v es tig a te  the decom position  
of a c y la ry ln itro sa m in e s  in  v ario u s so lvents in an  a ttem p t to 
finally  re so lv e  the conflicting opinions on. the m echan ism  of 
the re ac tio n  o r  reac tio n s .
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A bbr eviations
In  addition  to those  abb rev ia tions in  com m on use , the
following ap p ear in  th is  th es is :
m /e
N
m/lOOrn
mod.
PNO
DPNO
m a s s /c h a rg e  ra tio  
n o rm ality
m oles of p roduc t p e r 100 m oles of s ta r tin g  m a te r ia l
peak to peak m odulation am plitude
Ph^
phenylni tro  xi do  ^N -O •
H
diphenylnitroxide Ph
/P h
N -O '
PAPM (N~phenylac etam i do )phenylni trox i de
Ph-I;I-0-
P h-N -A c
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I INSTRUMENTATION
E lec tro n  Spin R esonance Spectroscopy 
E. s. r . sp e c tra  w ere  obtained using a D ecca R adar 
L im ited  X3 sp e c tro m e te r , w ith a N ew port In s tru m en ts  11-inch  
m agnet system .
Sim ple detection  with lOOkc. / s e c  m agnetic  fie ld  m odulation 
was u sed  throughout. The m a n u fa c tu re r 's  specifications s ta te  
a k ly s tro n  frequency  of 9270.4 Me, /se c . (m icrow ave X-band) 
and m agnetic  fie ld  hom ogeneity of 20 m illig au ss .
S pectra  w ere  re c o rd e d  a t room  tem p era tu re , un less 
o tiie rw ise  sta ted , and then the tem p e ra tu re  was con tro lled  by 
m eans of a  D ecca R adar L im ited  v a riab le  te m p e ra tu re  cavity  
in se r t.
G as-L iqu id  C hrom atography
Q ualita tive and quan tita tive  investigations w ere c a r r ie d  out 
on a  V arian  A erog raph  1520 B chrom atograph  with flam e 
ion isa tion  d e tec to r, and using the following 2 m. x  2.2 m m . i. d. 
packed colum ns:
10% P oly  ethyl enegly col adipate (PEGA) on 100-120 m esh  ce lite  
2% N eopentylglycol succ ina te  (NPGS) on 100-120 m e sh  ce lite .
44.
In fra re d  Spectroscopy
S pectra  w ere  re c o rd e d  on P e rk in -E lm e r M odels 137* 237 
and 257 sp ec tro p h o to m eters . L iquids w ere  exam ined as tliin 
film s and so lids a s  nujol m u lls .
M ass S pectrom etry
M ass sp e c tra  w ere obtained using an  A sso c ia ted  E le c tr ic a l 
In d u s trie s  M S902 m ass  sp ec tro m ete r.
P ro to n  M agnetic R esonance Spectroscopy
A P e rk in -E lm e r  Model R -10 nuclear m agnetic  reso n an ce  
sp ec tro m e te r, operating  a t  60 Me. /se c . and p robe te m p e ra tu re  
of 35.5^ was used.
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II PREPARATION OF ACYLARYLAMINES
a) P rop ionan ilide  and laobu ty ran ilide  
P ropionanilide . - P rop ion ic  anhydride (EX m l. ) was
g radually  added to an ilin e  (20.5 g . , 0.221 m ole) and zinc dust (0.3 g.) 
in  g lac ia l a ce tic  ac id  (20 ml* ). The m ix tu re  was bo iled  under 
re flu x  fo r 30 m in. and poured  into 500 m l. iced  w ater. The 
re su ltin g  white so lid  was co llected , w ashed with w ate r, d ried , 
and re c ry s ta l l is e d  from  benzene to give p ropionanilide (17.3 g. ,
0.116 m ole, 52%), m . p. 104-5° (lit. 105-106®).
Iso b u ty ran ilide was p re p a re d  in  a  s im ila r  m anner from  
iso b u ty ric  anhydride and an iline  in 35% yield , m . p. 106-107^
(lit. 104-5°).
b) F o rm an ilide  and F o rm an llid e  -1 - d
F orm an ilide . - A m ix tu re  of fo rm ic  ac id  (0.99 g . , 0.215 m ole) 
and an iline  (2.00 g . , 0.215 m ole) was bo iled  under re flu x  fo r 
3 h r. The pale  brow n so lid  fo rm ed  on cooling was re c ry s ta l l is e d  
fro m  xy lene-petro leum  to give fo rm an ilide  (1.76 g . , 0.146 m ole, 
68%). m . p. 46.5-47® (lit. 45-47°).
N. m. r . (CDCl^); t  1.20 (broad, NH), 1.64 (fo rm yl H),
2 .35-3 .00  (com plex, 5H, Ph).
1. r . (Nujol): 3280-3140 (com plex, NH) and 1670 cm. (C=0).
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F o rm an ilid e  -1 -d  was p re p a re d  s im ila r ly  fro m  an iline  and 
d ideu tero fo rm ic  ac id  (M erck, d - 99% m inim um ) in  46% yield , 
m , p. 47-49^. The n. m . r , sp ec tru m  showed no ab so rp tio n  a t 
T 1.64, The in f ra re d  sp ec tru m  showed abso rp tio n  a t  2200 cm.  ^
and 2 l60  cm.  ^ not p re se n t fo r  fo rm an ilide , due to C -D  (form yl) 
s tre tch in g  m odes.
M ass spec trum ; com parison  of m /e  122:121 ind ica ted  97. 5%
deuteration .
c) p - t  -B uty lacy lan ilides
p -t-B vitylaniline was p re p a re d  following the p ro ced u re  of 
6 7H arg er. H ydroch lo ric  ac id  (sp, gr. I . l6 ,  4. 8 g.) was added 
slow ly to a  m echan ica lly  s t i r r e d  m ix tu re  of iro n  pow der (44.8 g. ), 
p -t-b u ty ln itro b en zen e  (35.8 g. , 0.200 m ole), ethanol (80 g. ) 
and w ater (80 g. ), and the m ix tu re  boiled  under re flu x  fo r 14 h r. 
A fte r cooling and n e u tra lisa tio n  with 10% sodium  hydroxide solution, 
so lids w ere  rem oved  by f iltra tio n  and w ashed with m ethanol.
The w ashings w ere  com bined with the f i l t r a te  and  m o s t of the 
alcohol rem oved  by d is tilla tion , W ater (25 m l. ) and e th e r (75 m l. ) 
w ere  added and the la y e rs  sep a ra ted . The aqueous la y e r  and 
the o rig in a l so lid  re s id u e  w ere w ashed with e th e r (100 m l. ).
The e ther ex tra c ts  w ere  com bined and d ried  over p o tassium  
hydroxide p e lle ts . E vaporation  of so lven t le f t  p -t-b u ty lan ilin e
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as a brow n liqu id  (27 m l ,) ,  which was u sed  w ithout fu rth e r  
pu rifica tion .
p -t-B u ty lace tam lid e  was p re p a red , by the m ethod d esc rib ed  
(p a rt a) fo r the p rop ionylation  of an iline, fro m  the crude 
p -t-b u ty lan ilin e  in  88% y ie ld  (based  on p -t-b u ty ln itro b en zen e), 
m . p. and  m ixed  m . p. 173*^  (lit. 174^).
p -t-B u ty lfo rm an ilid e  was p re p a re d  by the m ethod d esc rib ed  
(p a rt b) fo r the fo rm y la tion  of an iline  fro m  the c rude  p - t-b u ty l-  
an iline  in  60% y ie ld  (based  on p -t-bu ty ln itrobenzene), m . p. 59^
(lit. 59°).
p -t-B u ty lbenzan ilide  was p re p a re d  fro m  the crude 
p -t-b u ty lan ilin e  by the Schotten-B aum ann m ethod a s  d e sc rib ed  
by Vogel. p -t-B u ty lan ilin e  (9 m l.)  was m ixed  with 10%
sodium  hydroxide so lu tion  (80 m l. ) and benzoyl ch lo ride  (13 m l. ) 
and shaken in  a  s to p p ered  fla sk  fo r 25 m in. The allcaline 
so lu tion  was d ilu ted  w ith w ate r and filte red . The re su lt in g  
white so lid  was d ried  and re c ry s ta l l is e d  fro m  ethan o l-p e tro leu m  
to give p -t-b u ty lb en zan ilid e  (8. 8 g. , 0,035 m ole, 52% b ased  on 
p -t-b u ty ln itro b en zen e), m . p. 146-147^ (lit. 143-144^).
d) O ther A cy la ry lam ines
A cetan ilide , p -carbe th o x y ace tan ilid e , p -n itro ac e tan ilid e , 
p -m eth y lace tan ilid e  and 2, 2, 2 -tr if lu o ro a ce tan ilid e  w ere u sed  w ithout 
fu r th e r  purifica tion .
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i n  PREPARATION OF ACYLARYLNITROSAMINES
a) Method A - fo r Soluble A cylary lam ines
N -N itro so ace tan ilid e  was p re p a re d  by the m ethod of F ran ce ,
110H eilbron and Hey. A solution of ace tan ilide  (5.0 g. , 0.037 m ole) 
in  a m ix tu re  of g lac ia l ac e tic  ac id  (35 m l. ) and ac e tic  anhydride 
(15 m l. ) containing fused  po tassium  ace ta te  (5.0 g. ) and 
phosphorus pentoxide (O.S g. ) was s t i r r e d  a t 5-10^ under anhydrous 
conditions. N itro sy l ch lo ride  (3.0 g. , 0.046 m ole) a s  a 25% 
solution in  ac e tic  anhydride was added over 15 m in. and s t ir r in g  
continued fo r a fu r th e r  15 m in. The yellow  reac tio n  m ix tu re  
was poured  into iced  w ater (500 m l. ) and the p re c ip ita ted  yellow  
so lid  was co llec ted  and w ashed with iced  w ater. The product 
was d ried  betw een f i l te r  p aper and over phosphorus pentoxide 
a t  0.05 m m . , to give N -n itrosoacetan ilide  (4.1 g. , 0.025 m ole, 68%),
m . p. 50-51^ (decomp. ); lit. 50,5-51° (decomp. ).
— I 1I. r , (Nujol): 1740 cm. (C=0); no abso rp tion  a t 3265 cm.
(NH in  am ide).
b) M ethod B - fo r Sparingly Soluble A cylary lam ines
N -N itrosobenzan ilide  was p re p a re d  by the m ethod of M iles 
40band Suschitzky. A solu tion  of benzanilide (2.50 g. , 0.0127 m ole) 
in  a m ix tu re  of g lac ia l ac e tic  ac id  (30 m l. ), a c e tic  anhydride (12 m l.)
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and anhydrous py rid in e  (3 m l. ) was s t i r r e d  a t  5-10^. N itro sy l 
ch lo ride  (1.05 g, , 0.016 m ole) as a  25% solu tion  in  ace tic  
anhydride  was added o v e r 15 m in. , and s t i r r in g  continued fo r 
a  fu r th e r  30 m in. The yellow  reac tio n  mi^cture was poured  into 
iced  w ater, and the p re c ip ita te d  yellow  so lid  was co llec ted  and 
w ashed with ic e d  w ater. The p roduct was d ried  betw een f i l te r  
pap er and o v er phosphorus pentoxide a t  0.05 m m ., to give
oN -n itro sobenzan ilide  (2.79 g . , 0.0124 m ole, 98%), m . p. 64 
(lit. 76°),
— 1 — 1I. r . (Nujol); 1715 cm. (C=0); no abso rp tio n  a t 3340 cm.
(N-H in  am ide).
c) M ethod G - fo r the  P re p a ra tio n  of A cy la ry ln itro sam in es
in  the A bsence of A cid 
N -N itro a o fo rm a n ilid e -1 - d. - A solu tion  of fo rm a m lid e -1 -d  
(0.05 g . , 0.0041 m ole) in  a m ix tu re  of anhydrous e th er (9 m l. ) 
and anhydrous py rid in e  (0.37 g. , 0,0041 m ole) was s t i r r e d  a t  0^. 
N itro sy l ch lo ride  (0.30 g. , 0.0046 m ole) a s  a  25% solution in  
e th e r was added o ver 10 m in, , and s t i r r in g  continued fo r a 
fu r th e r  hour. The white p re c ip ita te  of py rid ine  hydroch lo ride  
was rem oved  by f il tra tio n  th ro u g h  cold ap p ara tu s  and the f i l t r a te  
d is tilled  a t  room  te m p e ra tu re  and 20 m m . p re s s u re  to rem ove  
e ther. U nreacted  p y rid in e  was evaporated  off a t  0.05 m m . to
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leave  a  yellow -brow n so lid  of p a r tia lly  decom posed N -n itro so - 
fo rm a n il id e - l-d  (0.36 g. ,0.0026 m ole, 62%), m . p. 44-47^ (decomp. ).
The in f ra re d  sp ec tru m  ind icated  incom plete  n itro sa tio n  of 
the am ide and p a r tia l  decom position of the n itro sam id e  to a 
diazonium  sa lt: 3280-3160 cm.  ^ (complex, weak, NH);
2290 (m edium , -N%N); 2200 cm,  ^ (broad, m edium , C -D  form yl); 
1735 cm.  ^ (strong , 0 = 0  of n itro sam ide); 1670cm ^^(m edium  0 = 0  
of u n n itro sa ted  am ide).
The n itro sam id e  decom posed rap id ly  a t  room  te m p e ra tu re  
and was s to re d  under ca rd ice .
N -N itro so fo rm an ilide  was p re p a re d  by m ethod C to 
check the valid ity  of die technique. The p roduc t was a brow n 
so lid  of p a r tia lly  decom posed N -n itrosoform anilide , m . p. 39-41°.
The in f ra re d  sp ec tru m  ind ica ted  incom plete n itro sa tio n  and 
p a r tia l  decom position; 3280-3160 cm,  ^ (com plex, weak, NH);
2290 cm.  ^ (m edium , -A=N); 1735 cm.  ^ (strong , 0=0);
-1  - 1  1670 cm. (m edium , 0= 0); no abso rp tion  a t  2200 cm.
d) A ttem pted  P re p a ra tio n  of N -N itro so -2 , 2, 2 -triflu o ro ace tan iIid e
(i) M ethod A . - On pouring the co lou rless  re ac tio n  m ix tu re  
into iced  w ater no p re c ip ita te  was form ed.
(ii) M ethod G.- E vaporation  of the f i l t ra te  from  the reac tio n  
m ix tu re  y ielded  a  white p rec ip ita te , identified  as unnitro  sa ted
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am ide by its  in f ra re d  spec trum .
e) O ther A cy la ry ln itro sam in es
The re s u lts  fo r the p re p a ra tio n  of o th e r  ac y la ry ln itro sa m in e s
a r e  given in Table 5. No a ttem p t was m ade to purify  th ese
unstab le  compounds. The absence of an N -H  abso rp tio n
- 1 .(3400-3100 cm . ) and  the sh ift of the C=0 abso rp tio n  from  
1 6 9 0 -1640 cm.  ^ to 1750-1720 cm.  ^ in the in f ra re d  sp ec tru m  
was taken as an  ind ication  of the com plete n itro sa tio n  of the am ide.
Sam ples of 4 -c h lo ro -N -n itro so b en z an ilid e  and  p -m eth o x y - 
N -n itro so a ce tan ilide w ere  p re p a re d  by J. Cook and had m elting  
points (decom p. ) 76-77° (lit. 75°) and 70-71° resp ec tiv e ly ,
f) S torage of A cy la ry ln itro sam in es
A t room  te m p e ra tu re  ac y la ry ln itro sa m in e s  d isco lou r in  a
m a tte r  of hours and tu rn  to a  brow n ta r  a f te r  se v e ra l days.
During th is  p e rio d  the in f ra re d  sp ec tru m  m ay show the
-1ab so rp tio n  of a  diazonium  s a lt  (2300 cm. ).
I t  was found tha t sam p les of various n itro sam id es , k ep t in 
s to p p ered  tubes, w rapped  in  fo il and su rro u n d ed  by ca rd ice  
rem a in ed  u n ta rn ish ed  fo r as long as s ix  w eeks. The in f ra re d  
and e. s. r .  sp e c tra  fro m  th ese  sam ples w ere  ind istingu ishab le  
from  tliose of the  fre sh ly  p re p a re d  compounds.
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T A B L E  5
P re p a ra tio n  of ^N (N O )C O R .'
K R ’ M ethod Y ield  {%) m . p. (decom p. )
K H A 46 45-46° (lit. 45 -46°)
Bu^ H B 78 30-32°
Me Me A 86 73° (lit. 73°)
Bu^ Me A 92 57-57.5° (lit. 57°)
NO^ Me B 72 70° (lit. 68-70°)
CO E t Me A 90 53°
H Et A 83 49-50° (lit. f  ^  53°)
H B 58 32-33° (lit. f  ^  35°)
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IV MISCELLANEOUS REACTIONS
a) P re p a ra tio n  of N itro sy l C hloride
N itro sy l ch lo ride  was p re p a re d  as  d e sc rib ed  in  "Inorganic 
Syntheses" by allow ing an aqueous so lu tion  of sodium  
n itr i te  to r e a c t  with con cen tra ted  hyd ro ch lo ric  acid . I t  was 
d isso lved  in  a c e tic  anhydride (o r anhydrous e ther) to give a 
25% w /v  solution, which was s to re d  a t  -10°.
b) P re p a ra tio n  of P henylazo triphenylm ethane
P h  enylhy d r a  zo t r  iphenylm  e than e was p re p a re d  by the
112m ethod of G om berg, in  which ph enylhy d raz in e  (2 m o les)
was tre a te d  with t r  iphenylm  ethyl ch lo ride  ( l  m ole) in  e ther.
113Oxidation, by the  m ethod of W ieland, with a lk a lin e  p o tass iu m  
fe rr ic y a n id e  gave phenylazotriphenylm ethane (6l% ), m . p. 109^
(lit. 111°).
c) P re p a ra tio n  of B enzenediazonium  A ceta te
A niline (2.5 g, , 0.027 m ole) in  g lac ia l ac e tic  ac id  (6 m l. ) and 
ethanol (3 m l, ) a t  0° was d iazo tised  with pentyl n i tr i te  (2,9 g. >
0.027 m ole) to give a re d  solution. On cooling the flask  with 
c a rd ice  a p re c ip ita te  form ed, which rem ain ed  on w arm ing to -10° 
in  an ice-acetone  bath. The m ix tu re  was f i l te re d  through cold
ap p a ra tu s  to give a  slushy  solid, which was w ashed with pe tro leum , 
but not p u rified  fu rth e r . On adding a sm all po rtion  of the so lid
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to cold a lka line  p-naphthol an in ten se  re d  p re c ip ita te  was form ed.
-1The in f ra re d  sp ec tru m  of the so lid  showed ab so rp tio n  a t  2300 cm.
d) P re p a ra tio n  of 3, 3 ', 5, 5*-T e tram ethy lb ibenzy l and 
2^4, 6 -T rim ethy lb iphenyI 
R e c ry s ta llis e d  dibenzoyl perox ide (6.0 g. , 24.8 m m oles) in 
fre sh ly  d is tille d  m esity len e  (45.1 g. , 0.376 m ole) was m ain ta ined  
a t  70-80° under n itro g en  fo r 15 m in. and then bo iled  under re flux  
fo r 12 h r. The re a c tio n  m ix tu re  was w ashed with sa tu ra te d  
p o tassium  b ica rb o n a te  so lu tion  (3 x  25 m l. ) and d ried  over 
anhydrous m agnesium  sulphate.
The bulk (22.2 m m oles dibenzoyl peroxide) of the so lu tion  
was co n cen tra ted  and ch rom atographed  on alum ina (500 g. ).
E lu tion  with p e tro leum  gave 2 ,4 , 6 - trim ethy lb ipheny l (c rude  1,54 g. , 
7.9 m m oles, 28,2m /100m ) as a pa le  yellow  oil, b. p. 6 0 -6 2 ° /0 .08 m m . 
(lit. 124 .3 -124 .9°/6  m m . ).
N. m . r .  (CDCl ); t  2 .40-3 .00  (com plex, 5H, Ph), 3.03 (2H, Ph),
7.66 (3H, Me) a n d 7.99 (6H, Me).
E lution  with p e tro leu m -b en zen e  (10:1) gave 3, 3’, 5, 5 '« te tr a -  
m ethylb ibenzyl (c rude  0.90 g. , 3.8 m m oles, 17. Im /100m ), 
m . p. and m ixed  m . p. 73-74° ( l i t . 72-73°)  a f te r  re c ry s a ll is a tio n  
from  etlianol.
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N .m . r . (CDCl ): t 3 .17(6H , Ph), 7.19 (4H, m ethylene), and
7.72 (12H, Me).
The in f ra re d  sp ec tru m  was ind istingu ishab le  fro m  tlia t of the 
au then tic  compound.
A sam ple  of the re ac tio n  m ix tu re  was exam ined by g, 1. c.
(2% NPGS; 90 to 220°, l in e a r  te m p e ra tu re  p ro g ram m e 10°/m in . ) 
with bicum yl as in te rn a l standard , and was found to contain
2 ,4 , 6 -trim ethy lb ipheny l (31.7 m/lOOm) and 3, 3% 5, 5’- t e t r a -  
m ethylbibenzyl (20 7m /100m ).
V REACTIONS OF ACYLARYLNITROSAMINES
a) D ecom position of N -N itre so a c e ta n ilide in  B enzene
The effect on p ro d u c t y ie ld s of vary ing  the concen tra tion  
of N -nitro  soac etan ili de in benzene was studied. The following 
m o la r ra tio s  of n itro sam id e  to benzene w ere  u se d ;-  A, 1:13.7;
B, 1:137; G, 1:13.7; D, 1:1370; E, 1:137; F, 1:4.22; G, 1:2.95.
The reac tio n s  w ere  c a r r ie d  out in  the p re se n c e  of a i r  and 
p ro tec te d  by a  calc ium  ch lo ride  tube, using  benzene which had 
been re d is ti l le d  and d r ie d  o v er sodium  w ire . F o r  Üie f i r s t  
hour of the  decom position  the reac tio n  fla sk  was su rro u n d ed  by 
w ate r to p rev en t overheating .
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A. 1:13.7
N -N itrosoacetanilxde (5. Og, , 30.5 m m oles) was allow ed to 
decom pose in  benzene (37.5 m l . , 0.423 m ole) a t  room  
te m p e ra tu re  fo r 137 h r.
The re ac tio n  m ix tu re  was tre a te d  with sodium  hydroxide 
(200 m l. of 0,207 M solution), followed by w ater (3 x 100 m l. ) 
and then d ried  over anhydrous m agnesium  sulphate. The aqueous 
la y e rs  w ere com bined and the ac id  content (92m /100m ) 
de te rm in ed  by b a c k -titra tio n  ag a in st s tan d ard  hydroch lo ric  
ac id  so lution using brornothym ol blue as ind ica to r.
The m a jo r p a r t  (27.8 m m oles n itro sam ide) of the reac tio n  
m ix tu re  was concen tra ted  and chrom atographed  on alum ina (500 g. ). 
E lution with pe tro leum -benzene  (10:1) gave (i) biphenyl (crude 
1.71 g. , 11.1 m m oles, 39*9 m /100m ), m . p. 68° (lit. 71°) 
and m ixed m . p. 68-69° a f te r  re c ry s ta llis a tio n  fro m  ethanol*
The in fra re d  sp ec tru m  was ind istingu ishab le  fro m  that of 
authentic  biphenyl.
F u r th e r  elution with petro leum -benzene (lO :i) y ielded
(ii) a  yellow  so lid  (0.04 g. ), (iii) an o range so lid  (0.17 g. ) and 
(iv) a yellow  so lid  (0.17 g. ). E lution with pe tro leum -benzene  (8:1) 
gave (v) an o range so lid  (0.05 g. ), and with pe tro lem n-benzene  (5:1) 
(vi) a  re d  so lid  (0.04 g. ), E lution with m ethanol and washing
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the alum ina with acetone y ielded  black ta r s  (1.40 g. ).
F ra c tio n  (iv) was re c ry s ta l l is e d  from  ether to give
o 105 o p-diphenylbenzene, m . p. 211-212 ( l i t . ,  213 ), m ixed
m . p. 211-213°, The in fra re d  spec trum  was ind istingu ishab le
from  that of an  au then tic  sam ple.
F rac tio n s  (ii) and (iii) and the m other liquo rs  from  
frac tio n s  (i) and(xv) w ere exam ined by g. 1. c. (2% NPGS, 184°).
The m o ther liquor fro m  (i) contained biphenyl and o -d ipheny l- 
benzene, and was chroma, to graphed  on alum ina (220 g. ). E lution 
with petro leum  gave biphenyl and then o_-diphenylbenzene.
F rac tio n  (ii) contained m ostly  o-diphenylbenzene. The 
q-diphenylbenzene frac tio n s from  (i) and (ii) w ere  com bined and 
re c ry s ta l l is e d  from  m ethanol to give the white so lid ,m . p. and 
m ixed m . p, 55-56° (lit, 58°). The in fra re d  spec trum
was ind istingu ishab le  from  th a t of an au thentic sam ple.
F rac tio n  (iii) contained m ostly  azobenzene and som e o -, 
m -  and diphenylbenzenes. The orange so lid  was d isso lved  
in  petro leum  and cooled to -20°. P re c ip ita te d  diphenylb en z en es 
w ere f i l te re d  off and the f i l t ra te  evaporated  to d ryness . The so lid  
was re c ry s ta l l is e d  tv/ice fro m  boiling ethanol to give azobenzene, 
iden tified  by its  m . p. and  m ixed  m . p. 67 (lit. , 68 ) and from
its  in f ra re d  spec trum .
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A sam ple of the re ac tio n  m ix tu re  was exam ined by g, 1. c. 
(Table 6, p. 6 l) with naphthalene and 2 -m ethy lan th racene  as  
in te rn a l s tan d ard s.
B. 1:137
N -N itrosoacetan ilide  (5,0 g , , 30,5 m m oles) was allow ed to 
decom pose in  benzene (375 m l. ,4 ,2 3  m ole) a t  room  te m p e ra tu re  
fo r 96 h r.
The reac tio n  m ix tu re  was tre a te d  as in  p a r t  A to give: - 
ac id  content 107m/lOOm, (i) biphenyl (crude 2.33 g, , 15.1 m m oles, 
51,2m /100m ), (ii) a re d  oil (0,07 g, ), (iii) a re d  so lid  (0.05 g. ) 
and (iv) b lack  ta r s  (0,42 g. ).
G. 1. c. an a ly sis  - Table 6, p. 6 1
C. 1:13.7
N -N itrosoacetan ilide  (3.0 g. , 18,3 m m oles) was allow ed to 
decom pose in  benzene (22.5 m l , , 0, 251 m ole) a t  room  te m p e ra tu re  
fo r 137 h r.
The ac id  content (104m /100m ) was de te rm in ed  by titra tio n .
The aqueous e x tra c t (l6 .1  m m oles n itro sam id e) not u sed  fo r 
ac id  content an a ly s is , was n eu tra lised  with excess hydroch lo ric  
ac id  and the so lu tion  was continuously ex trac ted  with e ther fo r 
37 h r . On evaporation  of the so lvent th e re  rem ain ed  a pink
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so lid  (0 ,13 g ,)  with an  odour of phenol. The so lid  was 
d isso lved  in 10% sodium  hydroxide so lu tion  and shaken with 
benzoyl ch lo ride  (1 m l, ) fo r 20 m in. The re su ltin g  brow n so lid  
was re c ry s ta l l is e d  fro m  m ethanol to give phenyl benzoate, 
iden tified  by its  in f ra re d  sp ec tru m  and m , p. and m ixed  m . p. 69° 
(lit. 69°). Y ield  of c rude  phenol: 0 .4 m / 100m.
G, 1. c. an a ly sis  - Table 6, p. 61.
D. 1:1370
N -N itro soace tan ilide  (2,5 g , , 15,2 m m oles) was allow ed to 
decom pose in benzene (1875 m l, , 21.15 m ole) a t  room  te m p e ra tu re  
fo r 140 h r.
The ac id  content (101m /100m ) was found by titra tio n .
G, 1, c, an a ly sis  - Table 6, p. 6 l .
E. 1:137
N -N itrosoacetan ilide  (3,0 g. , 10,3 m m oles) was allow ed to 
decom pose in  benzene (225 m l. * 2,51 m ole) a t  room  te m p e ra tu re  
fo r 137 h r .
The ac id  content ( 104m /100m ) was found by titra tio n ,
G. 1. c, an a ly s is  - Table 6, p, 6 l.
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F. 1:4.22
N -N itrosoacetan ilide  (4,9 g. $ 29,7 m m oles) was allow ed to 
decom pose in  benzene (11 m l. , 0.128 m ole) a t  room  te m p e ra tu re  
fo r 134 h r.
The ac id  content (103m /100m ) was found by titra tio n .
G. 1. c. an a ly s is  - Table 6, p. 6 l,
G. 1:2.95
N -N itrosoacetan ilide  (2.46 g . , 15.0 m m oles) was allow ed to 
decom pose in  benzene (3.8 m l. , 0.043 m ole) a t  room  tem p era tu re  
fo r 134 h r.
The ac id  content (96m /100m ) was found by titra tio n .
G. 1. c. ana ly sis  - Table 6, p. 61.
b) D ecom position of N -N itro  soac etan ili de in  M esitylene
N -N itrosoacetan ilide  (5.0 g. , 30.5 m m oles) was allow ed to 
decom pose in  m esity len e  (50.0 g. , 0.417 m ole) a t  room  
tem p era tu re  fo r 6 days.
The ac id  content ( 105m /100m ) was found by titra tio n .
The bull; (24.2 m m oles n itro sam ide) was d is tilled  to give:
(i) a  liquid, b. p. 5 5 -6 5 ° /10mm. , and (ii) an  o range o il (2.74 g. ), 
b. p. 5 0 -130°/0 ,0 4 m m ., leaving a black re s id u e  (0.49 g. ).
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T A B L E  6
N -N itro so a ce tan ilid e  in Benzene
Y ields (m/lOOm n itro sam ide)
m oles n itro sam id e  biphenyl diphenyl benzenes azobenzene
o - m~
m oles benzeneR eaction
13.7 39.5 3.2
53.6137 0.4 0.2 0.4 0.3
13.7 37.8 2.2 0.7 3.4 4 .9
1370 59.1 <0.1 <0.1 <0.1 <0.1
137 52.8 0.4
2.3 3.8 3.4
3.62.95 2.3 1.4 3,8
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The o range o il (ii) was ch rom atographed  on a lum ina (500 g. ). 
E lution with p e tro leum  gave a  co lo u rless  liqu id  and a  white 
solid : the liqu id  was iden tified  as  m esity len e  fro m  its  in fra re d
spec trum ; the white so lid  (0.05 g. ) was r e c ry s ta l l is e d  fro m  
ethanol^ m . p. 54-55^, b. p. 118-120^/0.04 m m .
I. r . (Nujol); 740 cm. 730 cm.  ^ (a ro m atic  CH).
F u r th e r  elution with p e tro leum  y ielded  2 ,4 , 6 - tr im e th y l-  
biphenyl (crude LOO g. , 5.10 m m oles, l6 .7m /100m ), 
b. p. 62 -63^ /0 .10  m m . , iden tified  by com parison  of its  in fra re d  
and n. m . r . sp e c tra  witli those  of the au then tic  compound.
E lution with petro leu m -b en zen e  (10: l) gave 3, 3% 5, 5 * -te tra -  
m ethylbibenzyl as a  pa le  yellow  so lid  (crude 0.08 g . , 0.34 m m oles, 
1,4m /100m ), m . p. and m ixed  m . p. 73-74^ a f te r  re  c ry s ta llisa tio n  
fro m  ethanol, iden tified  by its  in fra re d  and n. m . r .  sp e c tra .
E lution with m ethanol gave an  o range o il (0.58 g. ).
A sam ple  of the re ac tio n  m ix tu re  was exam ined by g. 1. c.
(2% NPGS; 90-220^, l in e a r  te m p e ra tu re  p ro g ram m e 10^/m in . ) 
with b icum yl as  in te rn a l standard , and was found to contain
2 ,4 , 6 - tr im  e thy Ibiphenyl (30.3m /100m ) and 3, 3*5, 5’- te tra m e th y l-  
b ibenzyl (2*4m/100m).
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VI E. S. R, STUDY O F THE DECOMPOSITION OF 
ACY LARY LNITRQSAMINES
a) G eneral Technique
Unless o th erw ise  s ta ted , the p ro ced u re  u sed  was as 
follow s: a  m e a su re d  volum e of so lvent was added to a  known
weight of n itro sam id e  in  a sm all beaker. The solution was 
then tra n s fe r re d  to a  sam ple  tube, and tlie tube p laced  in  the 
cavity of the e. s. r .  sp ec tro m e te r. The tim e taken betw een 
tlae m ixing of so lid  and so lvent and reco rd ing  of the f i r s t  sp ec tru m  
was about two m inutes.
In g en e ra l no a ttem p t was m ade to exclude a i r  from  the 
sy stem , o r to con tro l the tem p e ra tu re  of die solution.
The sam ple  tubes used  w ere of quartz  o r py rex  and w ere  of 
3 o r 5 m m . in te rn a l d iam ete r. As the u se  of the 5 m m . tubes 
p rovided  m o re  in ten se  s ignals , they w ere  u sed  w henever possib le , 
but w ere  only su itab le  fo r non-po lar so lvents; fo r po lar so lvents 
in  the w ider tubes com plete tuning of the sp e c tro m e te r  cavity  
was not possib le , w ith a  re su lta n t d e c re a se  in  sensitiv ity .
b) D eterm ination  of Splitting C onstants and g -V alues 
M easurem ents w ere m ade by com parison  with a sa tu ra te d
sodium  carbonate  so lution of F re rn y ’s s a l t  (po tassium  n itro so -
n '
117disulphonate) fo r which a = 13.091 f  0. 004 gauss and
-prHcdm
to
<D
1
I
%
HI
' H
CO
'dmtoII
H
bXit,
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11800550 + 0.00005. A sea led  cap illa ry  tube containing 
th is so lu tion  was e ith e r p laced  in sid e  o r  a ttached  to the ou tside 
of the sam ple  tube.
The concen tra tion  of the re fe re n c e  so lu tion  was chosen so 
as to fa c ilita te  a c c u ra te  de term ination  of the sep a ra tio n  of the 
hyper fine lin es  of both s tan d a rd  and sam ple. A typical exam ple 
is  shown in  Fig. 1; the 1:1:1 t r ip le t  of the Frem y*s s a l t  sp ec tru m  
is  c lea rly  d istingu ishab le  superim posed  on the s ignal re su ltin g  
from  the decom position of N -n itro soacetan ilide  in  benzene.
Splitting C onstan ts . - The spec tru m  was ca lib ra ted  by 
m easu rin g  the d istance  separa ting  the cen tre s  of the high 
and low fie ld  lines of the Frem y*s s a lt  signal.
Thus 'be” is  equivalent to 26.10 gauss.
F o r the (N -phenylacetam ido)phenylnitroxide (PAPN) signal 
the la rg e r  value was found by m easu rin g  'V ” a.nd "z”, the 
d istances sep ara tin g  corresponding  Im esof the high and low 
fie ld  groups. W henever p o ssib le  lin es  w ere  chosen on both 
sides of the F re m y 's  s a l t  signal: in this way e r ro r s  a r is in g
from  any non linearity  in  the m agnetic  fie ld  sw eep w ere m in im ised .
' Thus = 26.18 x  — gauss.
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Using th is technique a  rep roducib ility  of + 0.02 gauss was 
achieved, and the re su ltin g  e r ro r  in  the hyp e rf in  e coupling 
constan ts was es tim a ted  as < 0.05 gauss.
M easurem ents w ere  m ade sweeping upfield  only. On 
se v e ra l te s t  runs th e re  was no m easu rab le  d iscrepancy  betw een 
the re su lts  fro m  sw eeping up and down.
The o ther coupling constants w ere e ith er found fo r the 
sam e tra c e , o r  fro m  one with no superim posed  standard , in  
which case  the la rg e r  a ^  value was used  as  re fe re n ce . S ach  
tim e corresponding  d istances w ere m e a su re d  fo r  both high and 
low fie ld  g roups, and the m ean value determ ined . P a r t ic u la r  
atten tion  was paid  to the in te rg ro u p  portion  of the sp ec tru m , as 
sm a ll changes in  the values of the coupling constan ts w ere m o st 
easily  detec ted  in  this region.
The sam e p rin c ip le  was used  in the m easu rem en t of the 
coupling constants of a ll  th.e o th er signals.
The g -values w ere ca lcu la ted  from  the re la tionsh ip :
h v  _____ hvs - Û F)
w here and a r e  the cen tre s  of the  sam ple  and Frem y*s
sa lt  s ignals re sp ec tiv e ly , and 6  F  is  the sep a ra tio n  of th ese  
in  gauss.
H pg was com puted fro m  its  g -value thus:
66.
H _ i U i  -  6.6252 X 1 0 X 9270.4 x  10FS " pg 5.92732 X 10“20 % 2.66550
= 3302.52 gauss
6 F  was m e a su re d  from  the superim posed  signals using 
the sam e ca lib ra tio n  as fo r the determ ination  of a ^ . I t was 
defined as positive  when the cen tre  of the sam ple  signal was a t  
h igher fie ld  than tha t of the standard . A positive  value of A F  
im p lied  a g -value le s s  than 2.00550 and v ice  v e rsa .
Although the m idd le of the sam ple  signal was frequen tly  
m asked  by the m iddle lin e  of the standard , its  position  could 
be ac cu ra te ly  d e te rm in ed  fro m  tlie n e a re s t  unhidden hyper fine 
lin es : thus fo r the sp ec tru m  shown in  F ig . 1 the cen tre  is  a t
point X  m idway betw een the cen tres  of the a rro w ed  hyperfine 
l in e s .
The accu racy  with which the g -value could be m easu red
depended on die e r r o r s  involved in  m easu rin g  A F  and in  the
known g -value fo r F re m y ’s sa lt. The fo rm e r was es tim ated  as
118+ 0,02 gauss, while the la t te r  was s ta ted  as +0.00005. Thus, 
while abso lu te  g -values a r e  quoted with an  e r r o r  of +0.0001,the 
d iffe rence  Sg betw een those of sam ple and Frem y*s sa lt  
( 2,00550 - g  sam ple) has an estim ated  accu racy  of +0.00002.
Liinevddths, - The pealc to peak line  widths w ere m e a su re d
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only from  the ou tside  lin es  of the spec trum , as the inner ones 
co n sis ted  of a  num ber of p a r tia lly  re so lv ed  hyperfine com ponents.
c) P u rifica tio n  of Solvents
B enzene was d is tilled  and d ried  o ver sodium . Toluene, 
etliylbenzene, cum ene, m esity lene , p -xylene and t-bu ty lbenzene 
w ere d istilled , d ried  o ver sodium  and p assed  down an alum ina 
colum n im m edia te ly  b efo re  use. A lcohols w ere bo iled  under re flux  
over calcium  hydride, frac tio n a lly  d is tilled  and s to re d  o v er 
m o lecu la r sieve. P y rid in e  was d is tilled  and d ried  over 
po tassium  hydroxide p e lle ts . E th e rs  w ere  d is tilled  and d ried  
over sodium . F u ran  was d is tilled  and p a sse d  down an alum ina 
colum n im m ed ia te ly  b e fo re  use. Z, 6 - Dim ethylfur an was 
tre a te d  s im ila r ly  and s to re d  a t -10^. C arbon te tra c h lo r id e  
was d ried  o ver ca lc ium  ch lo ride  and frac tio n a lly  d is tilled .
T here  follows a  d esc rip tio n  of the e. s. r , signals o bserved  
during the decom position of the acy la ry ln itro sam in es  in  solution. 
Tlie coupling constan ts and g -values w ere m easu red  with 
re fe re n c e  to F re m y ’s s a lt  as desc rib ed  in  p a r t  (b). The 
in ten s itie s  of the signals a r e  c la ss ified  by the following 
qualita tive  sca le : in tense , m edium , weak, v e ry  weak, nil.
The various signals o b serv ed  a r e  sm n m arised  on page 99
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d) N -N itroaoace tan ilide
(i) In A rom atic  H ydrocarbons 
B enzene. - Using a concen tra tion  of 130mg, /m l. and
m odulation  am plitude (mod. ) of betw een 0.23 and 0.023 gauss,
^othe in ten se  signal re p o r te d  by R iichardt, ' * and ass ig n ed
by P erk in jf  ^  to the (N -phenylacetam ido)phenylnitroxide (PAPN)
ra d ic a l, was observed .
The signal, which was s t i l l  de tec tab le  a fte r two days, is
shown in F ig . 2, and was ana ly sed  to give the following sp litting
constan ts in gauss: (1 )a ^  = 11.62, ( l ) a ^  ^  = 2.73, (2 )a^ ^ ^  = 2,60,
( l)  a__ -1 .6 7  and (2) a = 0,89. A lso m easu red  w ere:N m -H
lin e  width = 0.18 and A F  = 0.29 gauss.
Hence g -  2.0053 and S g ~ 18 x 10 ^ .
When a m o re  co n cen tra ted  solution (250 mg. /m l. ) and a 
m odulation  am plitude (mod. ) of 1.27 gauss w ere u sed  a second 
weak signal, not re p o rte d  by prev ious w ork ers , was o b serv ed  
su p erim p o sed  on the f i r s t .  This signal, which decayed rap id ly  
un til i t  was undetec tab le  a f te r  30 m in. , can be seen  in  F ig . 3, 
s trad d lin g  the in ten se  (N -phenylacetam ido)phenylnitroxide 
(PAPN) signal.
i I
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M esitylene. - Using a concentration  of 250 mg. /m l. and 
mod. 1.27 gauss the PAPN signal was v ery  weak» while th a t 
of the second signal was weak, bu t now en tire ly  d iscernab le .
Fig. 4 shows tha t the second signal consists  of nine lines 
a r ra n g e d  as a 1:1; 1 tr ip le t  of 1:1:1 tr ip le ts , suggesting two 
n itrogen  nuclei! with sp litting  constants of about 30 and 2 gauss. 
F o r mod. 0.23 gauss no signal was detected.
During the co u rse  of the decom position a gelatinous 
p re c ip ita te  was form ed: a f te r  20 m in. th is had o c c u rre d
sufficiently  to tra p  bubbles of the n itrogen  gas evolved in  the 
reac tion . The re su lta n t detuning of the sp e c tro m e te r  p reven ted  
fu r th e r  study.
Toluene, E thylbenzene and p -Xylene. - F o r a  concen tration  
of 250 mg. /m l. and mod, 1.27 gauss the PAPN signal in ten s itie s  
fo r the th re e  so lvents w ere weak, v ery  weak and v e ry  weak, while 
in  each  ca se  the t r ip le t  of tr ip le ts  signal was weak. Using 
mod. 0.23 gauss no s igna l was detected. As fo r m esity len e  the 
p rec ip ita tio n  of so lids p reven ted  the reco rd ing  of sp e c tra  a f te r  
about 20 m in.
Cum ene. - F o r  a concen tra tion  of 250 mg. /m l, and mod. 1.27 
gauss the sp ec tru m  (Fig. 5) consisted  of a  weak tr ip le t  of tr ip le ts
!
a0)îog8
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and superim posed  ano ther weak signal» consisting  of th re e  
lines of re la tiv e  in ten s itie s  1:1:1 and with a sp litting  constan t 
of about 15 gauss. On changing to mod. 0.23 gauss the tr ip le t  
of tr ip le ts  was undetectab le , while the new 1:1:1 t r ip le t  rem ained .
The p rec ip ita tio n  of so lid  products lim ited  the  exam ination 
to 30 m in.
t-B uty lbenzene. - The spec trum  o bserved  was ind istingu ishab le  
from  tha t found fo r benzene as so lvent (F igs. 2 and 3), F o r 
a  concen tra tion  of 250 mg. /m l. and mod. 1.27 gauss the PAPN 
signal was in tense  and the t r ip le t  of tr ip le ts  wealc, while fo r 
mod. 0.23 gauss only the in tense , well re so lv ed  PAPN signal was 
detected. For* th is s ignal a ^  = 11.51 gauss and A F  -0 .2 9  gauss.
As with a ll the o th e r a ro m a tic  hydrocarbon  solvents 
except benzene, the p rec ip ita tio n  of so lids caused  ra p id  
detuning a f te r  about 30 m in.
(ii) In A lcohols
M ethanol. - With concen tra tion  130 m g, /m l. and 
mod. 0.23 gauss a well re so lv ed  PAPN signal of m edium  in tensity  
was observed . F o r th is s igna l a ^  = 11.90 gauss and 
A F  -  0.44 gauss, giving g = 2.0052 and -  27 x  10
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E thanol. - With concen tra tion  130 m g. /m l. and mod. 0.23 gauss 
a weak PAPN signal was observed , fo r which = 11.84 gauss.
A F  -  0 .40 gauss g iv in g  g -  2 .0053  and Sg=24 x 10*" .^
n"P ropano l. - With concen tra tion  130 m g. /m l. and 
m od. 0.41 gauss the PAPN signal was v e ry  weak, with a ^  = 11.81 gauss 
and A F  = 0.39 gauss: thus g = 2.0053 and S g  -  24 x  lO"^.
The lim ited  so lub ility  of N -n itro soacetan ilide  iii alcohols 
p reven ted  the u se  of m o re  concen tra ted  solutions o r  of h igher 
hom ologues.
The tr ip le t  of trip le tesig n al was not detected  fo r  this s e r ie s  
of so lvents.
(iii) In E th e rs
The e. s. r . s ignals o bserved  during the decom position of 
N ^nitrosoacetan ilide in  e th er solvents w ere m o re  com plex than 
those found fo r alcohols o r  a ro m a tic  hydrocarbons. That 
the sp e c tra  w ere  not sy m m etrica l was caused  by the su p e r-  
im position  of a t  le a s t  two signals.
D iethyl E tlier. - Using a concentration  of 250 m g. /m l. tlie 
dom inant signal was th a t of the PAPN rad ica l, with a second 
unidentified signal superim posed  on it. When the concen tra tion  
of n itro sam id e  was 130 mg. /m l. the PAPN signal was weak
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and dom inated by the second signal, fo r which th re e  coupling 
constan ts could be determ ined : ( l ) a ^  = 15.4 gauss,
(1 )a ^  = 5,8 gauss and (1 )a ^  = 1.4 gauss. This s igna l was 
s im ila r  to the  one found fo r ^ -t-b u ty l-N -n itro so ace ta n ilid e  in  
d iethyl e th e r, d e sc rib ed  e lsew h ere  (p*77 ) in  th is th e s is  and 
i l lu s tra te d  in  Fig. 7.
Dim ethoxy ethane and T e trahyd ro fu ran . - As w ith diethyl 
e th er as so lvent, the sp e c tra  w ere  a  com plex m ix tu re  of the  
PAPN and o th e r un identified  signals .
(iv) In  H alogenated Solvents
C arbon T e trach lo rid e . - Using a concen tra tion  of 130 m g. /m l. 
and mod. 0.23 gauss no signal was detected. When the 
concen tra tion  was in c re a se d  to 200-400 m g, /m l. and fo r mod.
1.27 gauss a 1:1:1 trip lebof 1:1:1 tr ip le ts , ind istingu ishab le  from  
th a t found fo r tlie a ro m a tic  hydrocarbon  so lven ts, was observed . 
The s ignal was weak and la s te d  about 30 m in. A t the o u tse t 
th e re  was no sign  of the PAPN signal, but a f te r  about 15 m in. a 
v e ry  weak 1:1:1 b ro ad  t r ip le t  ap p eared  su p erim posed  on the 
t r ip le t  of t r ip le ts :  the sep a ra tio n  of the b ro ad  lin es  was about
12 g auss, but the s igna l could not be re so lv e d  fu rtlie r .
The p re c ip ita tio n  of so lids during the co u rse  of the 
decom position  p rev en ted  s p e c tra  being re c o rd e d  a f te r  about 30 m in.
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B ro m o trich lo rm e th an e . - The only s igna l o b se rv ed  was 
the t r ip le t  of t r ip le ts , which was weak and of 30 m in, duration .
M ethylene C h lo ride . -  F o r  a  concen tration  of 400mg. /m l. 
and mod. hZ7  g auss weak signals  of both PAPN and the t r ip le t  
of t r ip le ts  w ere  observed . The fo rm e r la s te d  s e v e ra l  h o u rs , 
while the la t te r  was not de tec tab le  a f te r  15 m in.
E thyl B rom ide. - Using a concen tra tion  of 330 m g. /m l. 
and m od, 1.27 gauss two signals w ere observed ; the weak 
tr ip le t  of tr ip le ts , la s tin g  about 15 m in . , and an in ten se  PAPN 
signal. F o r  the la t te r  (a t m od, 0.23 gauss) the following 
m easu rem en ts  w ere  m ade in  gauss; ( l)  a ^  ~ 11.72,
p -H  an d (2 )a^_ jg= ,0 .09 .
Alao A F  = 0.37 giving g = 2.0053 and ^ig.= 23 x  10
1, 1, 2, 2 "T e trab rom oethane . - With a concen tra tion  of 
330 m g /m l, and m od. 1,27 gauss the only signal de tec ted  was 
the t r ip le t  of tr ip le ts  ; the signal was wealc and of about 5 m in. 
duration,
(v) In O ther Solvents
The signals o b se rv ed  fo r v ario u s o th e r so lven ts a r e  l is te d  
below, with the concen tra tion , m od. and coupling constan ts 
in  gauss.
74.
Acetone. - 800 m g. /m l.
Mod. 0.13: PAPN signal w ell re so lv ed  and  of m edium  in tensity .
( l ) a ^  = 11.86, ( l ) a ^ ^ j j  = 2.75, ( 2 ) ^  = 2.62, ( l ) a ^  = l,6 9
and “ 0.89. A lso A F  = 0.39 giving g = 2.0053 and
S g = 18 X 10
Mod. 1.27: wealc t r ip le t  of tr ip le ts  superim posed  on PAPN
signal.
F u ra n . - 750 m g. /m l.
Mod. 0.074: in ten se  w ell re so lv ed  PAPN signal, ( l ) a ^  = 11.82,
^ ( l ) a j ^  = 1.69 and { 2 )a ^ _ jj  = 0.89- 
A lso ÙF -  0.38 giving g = 2,0053 and &g = 24,x  10 
Mod, 1,27: t r ip le t  of tr ip le ts  signal v e ry  weak with life tim e
le s s  than 5 m in.
F o r a  concen tra tion  of 400 m g. /m l. the PAPN signal was 
of m edium  in tensity  - no ticeably  w eaker than fo r the sam e
concen tra tion  in  benzene, 
2, 6 "D im ethylfuran. - 
No signal was detected.
400 mg. /m l.
P y rid ine . - 400 m g. /m l.
Mod. 0,13: in ten se  PAPN signal. ( 1 ) =  11.77, ( l)a ^  ^ = 2 . 74,
(2) a ^ j j  = 2.61, ( l ) = 1.68 and (2) a ^  ^  = 0.89. A lso
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A F  = 0.34 giving g = 2,0053 and S g  = 21 x 10 
The tr ip le t  o f tr ip le ts  was not ob served ,
H exafluorobenzene, - 300 mg. /m l.
Mod, 1.27: m edium  in tensity  PAPN and weak tr ip le t  of tr ip le ts ,
both signals la s tin g  about 30 m in , , when they w ere rep laced  by 
an in ten se  sing le  line  of width 15 gauss, which could not be 
reso lved .
e) p - t  "B uty l-N -ni tro so ace tan ilid e
(i) In A rom atic  H ydrocarbons
The e, s. r , sp e c tra  o b serv ed  during the decom position of
p^-t-bu ty l-N -nitrosoacetan ilide in  a ro m a tic  hydrocarbons w ere
com parab le  with those found fo r the un su bstitu ted  n itro sam ide ,
However, no so lids w ere  fo rm ed , so study over a  longer
p erio d  of tim e  was possib le .
B enzene. - Both the (N *-arylacetam ido)aryInitroxide and
tr ip le t  of tr ip le ts  signals w ere detected  in  s im ila r  in ten sitie s
to those found fo r N -n itro soacetan ilide  in  benzene.
The {N "arylacetam ido)aryln itroxide sp ec tru m  was as
59observed  by R iichardt, witli = 11.73 gauss and AF = 0 .4 3 gauss 
thus g = 2.0052 and &g = 26 x 10 As re p o rte d  by R iichardt, 
the linew idth was 0.32 gauss; he a ttr ib u ted  the in c re a se  fro m
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the value of 0.18 gauss found fo r the unsubstitu ted  n itro sam id e  
to long range  coupling with the protons of the t-b u ty l group.
Ethylbenzene. « With a  concentration  of 270 mg. /m l. and 
mod. 1.27 gauss the PAPN type signal was v ery  weak and s h o r t ­
lived , while the  t r ip le t  of t r ip le ts  was weak, but de tec tab le  fo r 
45 m in . The coupling constants fo r th is signal w ere m e a su re d  
and found to be: ( l)  a ^  = 30.5 gauss and ( l)  a ^  = 2,35 gauss.
The linew idth was 1.14 gauss.
A fte r 1 h r. a  weak u n sy m m etrica l s ix  line  spec tru m  appeared . 
Tliis m ix tu re  of a t  le a s t  two signals p e rs is te d  fo r se v e ra l hou rs , 
but was not re so lv ed  fu rth e r.
Cum ene. - The sp e c tra  o b serv ed  w ere s im ila r  to those 
found fo r N -n itro soacetan ilide  itse lf . The tr ip le t  of tr ip le ts  
was wealt and la s te d  about 30 m in. The 1:1:1 tr ip le t, with 
a ^  = 15 gauss, was weak a t  the s ta r t ,  but its  in tensity  in c re a se d  
o ver se v e ra l hou rs . In addition a weak unidentified  signal 
appeared  a f te r  1 h r, superim posed  on the 1:1:1 tr ip le t, but was 
not stud ied  fu rth e r.
(ii) In Alcohols
In o rd e r  to study the dependence of the sp litting  constan t 
and g -value on the p o la rity  of the solvent, the la rg e r  value
il
5
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and A F  w ere m easu red  fo r a  s e r ie s  of a lcohols. The re su lts
a re  l is te d  in  Table 7, together with th ree  p o la rity  p a ra m e te rs
fo r com parative pu rposes,
p^-t-B utyl-N ^-nitrosoacetanilide proved  m o re  su itab le  fo r
this study than the unsubstitu ted  n itro sam ide , becau se  of its
g re a te r  so lubility  in  th is s e r ie s  of so lvents.
The in tensity  of the (N -ary lacetam ido)ary ln itrox ide signal
d e c re a se d  in the o rd e r: MeOH>EtOH>Pr“oH >B u“ oH>n-C_H_ pH5 11i> P r  OH. However, fo r t-bu tano l as so lvent the signal was 
s im ila r  in  s tren g th  to tha t found fo r m ethanol.
The re so lu tio n  of the high fie ld  group of lines d ec rea se d  
with in c re as in g  v isco sity  of the solvent. This is  i l lu s tra te d  by 
the sp e c tra  o bserved  in  m ethanol and t-bu tano l shown in F ig , 6.
(iii) In Diethyl E th e r
F o r a  concen tra tion  of 33 mg. /m l, the PAPN type signal 
was v ery  weak and sh o rt-liv ed . On the o ther hand a signal, 
s im ila r  to tha t found fo r  N -n itro soacetan ilide  in  diethyl e th er, was 
of m edium  in tensity  and rem a in ed  detec tab le  fo r se v e ra l hou rs .
F ig . 7 shows the sp ec tru m  o b serv ed  a f te r  15 m in, , using 
m od. 0,13 gauss, with a reco n stru c tio n  of the sp ec tru m  assum ing
m
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T A B L E  7
The (N "A ry lace tam ido )ary Init r oxide E. S, R. Sipînal 
o b serv ed  during; the D ecom position of p -t-B u ty l-  
N -n itro so ace tan ilid e  in  Alcohols
V aria tion  of and S  g with Solvent P o la rity
Solvent gauss) S  g x  10*^ a) b)K c)£
M ethanol 12.02 32 55.5 83.6 33.7
E thanol 11.91 29 51.9 79.6 25.7
n -P ro p an o l 11.88 29 50.7 78.3 21.8
n-B utanol 11.86 29 50.2 77.7 17.8
n -P en tan o l 11.86 29 15.8
t-B utanol 11.82 28 43.9 71.3 11.4
a) E ^ : R e ic h a rd t's  - value 119
b) K: Ko sow er Z fa c to r 120
c) £ : D ie lec tric  constan t 121
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the following coupling constan ts in  gauss: ( l ) a ^  = 15.30,
( l ) a j j  = 5.77 and ( l)  a ^  = 1.35. Also m easu red  w ere :
linew idth = 0.63 gauss and A F  = -0.39 gauss, giving
c -5g = 2.0057 and og  = -24 x 10 I t  can be seen  fro m  the
fig u re  tha t the signal is  d is to rted  by another unidentified  signal
fo r which aN 16 gauss.
(iv) In H alogenated Solvents
C arbon T e tra ch lo rid e . - Using a concen tration  of 200 mg. /m l. 
no so lids w ere p re c ip ita te d  during the decom position. The 
only signal de tec ted  was the tr ip le t  of tr ip le ts , which rem ained  
fo r about 20 m in. The following m easu rem en ts  w ere m ade:
(1) a ^  = 30.5 gauss, (1) a ^  = 2.39 gauss, linew idth = 0.94 gauss 
and a F  = 6,47 gauss - hence g = 2,0016 and og  = 392 x 10~ .
B rom otrich lo rm etliane . - The sp e c tra  o b serv ed  w ere 
s im ila r  to those  o b se rv ed  fo r carbon te tra c h lo r id e  as solvent: 
( l ) a ^  ~ 30,6 gauss and AF = 6.53 gauss - hence g = 2.0015
and S g  ~ 396  X 10
F o r  both carbon te tra c h lo r id e  and b rom o trich lo rm eth an e , 
s p e c tra  w ere  re c o rd e d  for the f i r s t  30 m in. of the reac tion : 
during th a t tim e th e re  was no PAPN type signal.
m• r i
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(iv) In P y rid in e
F o r  a  concen tra tion  of 400 mg. /m l. and mod. 0,41 gau ss ,
the only signal o b serv ed  was tliat of tlie PAPN type rad ica l.
The following m easu rem en ts  w ere m ade in  gauss: ( l ) a ^  = 11.88,
( l ) a ^  XT = 2.73, ( l ) a  __ = 2.59, (l)a_ = 1.71, (2 )a  „  = 0.90o-Jri o -H  N m -H
and A F  = 0.51 giving g = 2.0052 and Sg ~ 31 3C 10
f) p-M ethoxy-N ~n itro soacetan ilide
(i) In B enzene
The so lubility  of p -m ethoxy '“N ~ nitrosoacetan ilide in  benzene 
was m uch le s s  Üian tha t of the unsubstitu ted  n itro sam ide . Only 
by using a sa tu ra te d  solution, with und isso lved  so lid  a t  the 
bottom  of die tube, was the concentration  suffic ien t to give 
well re so lv ed  e, s. r . sp ec tra , and then only the PAPN type 
signal and not the t r ip le t  of tr ip le ts  was observed . F ig. 8 
shows the sp ec tru m  o b serv ed  on m ixing 130 m g. n itro s  am ide 
with 1 m l. benzene. Coupling of the unpaired  e lec tro n  with 
the pro tons of the m ethoxy group re su lts  in  an in c re a s e  in  the 
num ber of hyp e rf  in  e lines in  each group from  16 to 30 com pared  
with the signal fro m  the unsubstitu ted  n itro s  am ide.
The coupling constants fo r the m a jo r n itrogen  and the 
metho3cy pro tons w ere m easu red  accurately  as : ( l)  a ^  -  12.30 gauss
P l / 7 ,  9  p ' - H e t h o x y - N j - m . t r o s o a . c e t a . n i l i / l e  i n  b e n z e n e
w i t h  r e c o n s t r u c t e d  s p e c t r u m
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and (3)aj_j = 0.39 ganss. In  addition the following w ere  determ ined ;
linew idth = 0.18 gauss and A F  = 0.53 gauss giving g -  2.0053
f  -5and o g  ~ 34 X 10 .
Without the a id  of a  sp e c tra  sim ulation  com puter p rog ram m e, 
exact ana ly sis  of the rem ain ing  coupling constants was le s s  
ce rta in . Taking into account the num ber of lines p e r  group (30) 
and by m easu rin g  the sep a ra tio n  of the lines in  the in te rg ro u p  
portion , the m oot likely  assignm en t was; (2 )a^ ^  = 3.75 gauss,
(1) a ^  = 1,60 gauss and (^) ~ 0.78 gauss.
F ig . 9 shows the low  fie ld  group a t  mod. 0,13 gauss,w ith  the 
re c o n s tru c te d  sp ec tru m  assum ing  the above ana ly sis .
(ii) In P y rid in e
The decom position in  pyrid ine  was fa st, and as a  re s u l t  the
signal in tensity  dropped rapid ly . However, the following
m easu rem en ts  w ere  m ade: ( l)  ~ 12.44 gauss a n d i \F  = 0.60 gauss,
-5giving g = 2,0051 and og  = 37 x  10
(iii) In Cum ene
Using a sa tu ra te d  solution (l60  mg. /m l, ) and mod. 1.27 gauss, 
a  weak t r ip le t  of tr ip le ts  signal was observed  fo r  about 20 m in.
The 1:1:1 tr ip le t  (a ^  = 15 gauss), always found fo r cum ene as 
solvent, was again  p re se n t, i ts  in tensity  reach ing  a m axim um  
a f te r  about 1 h r. T here  was no sign of the PA PN  type signal.
-p
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F o r the t r ip le t  of tr ip le ts :  ( l ) a ^  = 30.6 gauss and
(1 )a ^  = 2.36 gauss.
g) p -N itro  -N -n itro s  oacetan ilide
(i) In B enzene
p^-N itro -N -n itrosoacetam lide was sparing ly  so luble in  
benzene. Even using a sa tu ra te d  solution (lOO mg. /m l. ) 
the PAPN type signal was weak and poorly  reso lv ed . In 
addition  the p re c ip ita tio n  of so lids caused  rap id  detuning of the 
sp ec tro m e te r.
(ii) In P y rid in e
F o r  a coneen tra tion  of 300 m g. /m l. and mod. 0.074 gauss, 
the in ten se  well re so lv e d  signal of the PAPN type, shown in 
Fig. 10, was observed . Coupling with the n itrogen  nucleus of 
the n itro  group accounts fo r the ex tra  com plexity of th is sp ec tru m  
com pared  with the sign al fro m  the unsubstitu ted  n itre s  am ide.
Fig. 11 shows the low fie ld  group of lines with the re c o n s tru c te d  
sp ec tru m  assum ing  the following ana ly sis  in gauss: ( l ) a ^ =  10.59,
(2) a  = 2.59, ( l ) a .  = 1.57, (2) a _ = 0.94 and ( l)  a__ = 0.63.o*-xi N m -H  ' N
Also AF = «0.12 giving g = 2.0056 and 5g = -7 x 10
(iii) In Cum ene
Using a  s a tu ra te d  so lu tion  (200 m g, /m l. ) and mod. 1.27 gauss
4  g a u s s
I
F i g .  1 1  j D - N l t r o - ^ - n i t r o s o a c e t a n i l i d e  i n  p y r i d i n e
w i t h  r e c o n s t r u c t e d  s p e c t r u m
txr
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the tr ip le t  of tr ip le ts  s igna l was o b serv ed  fo r about 20 m in.
The signal was ana lysed  as follows: (1 )a ^  = 31.0 gauss,
(l)  = 2.41 gauss and AF = 6.71 gauss, giving g = 2.0014
and S g  =  357 x 10
The 1:1:1 t r ip le t  v/as wealc in tlie ea rly  s tages  of the
decom position, but its  in tensity  in c re a se d  rap id ly  during the
13f i r s t  hour; by this tim e  the s a te llite  lines due to C and 
15M in  n a tu ra l abundance could be detected. F ig. 12 shows,
13fo r mod. 0,23 gauss, th a t th e re  a r e  th re e  p a irs  of C lines 
fo r each of tlie m ain  com ponent lines of the 1:1:1 tr ip le t
(a - ~ 15.0 gauss). These sp litting  constants w ere m e a su re d
and found to be 8.8, 5.2 and 2.9’gauss.
15The expected positions of the N sa te llite s  w ere
ca lcu la ted  from  the a .   ^ value, which could be found from
N
the n u c lea r g -values of the two iso topes.
Thus a ,  = a ,  ^ x  '—   = 15.0 x^14^ 0.403
-  21. 2 gauss
The lines of th is doublet a r e  thus found to coincide with
13two of ihe  C lines as shown in  the figure . Evidence fo r
this ov erlap  is  p rov ided  by a study of the in te n s itie s  of th is 
13s e t  of C lin es . F ig, 13 shows, a t  mod. 1.27 gauss, the low
r i
6 ^auss
-13.
tro8oaoetanili.dei n  c u m e n e
5 gauss
F i g o  1 4  p - M e t h y l - # - n i . t r o 8 o a c e t a % T i i l 3 . d e  i n  b e n z e n e
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13fie ld  group fo r  which the C line  on the high fie ld  s ide  is  
.more in tense  than that on the low fie ld  side. As
no such effect is  found fo r m iddle group, the d iffe rence  in  the
15two in ten s itie s  can be ass ig n ed  to the N sa te llite .
h) D-M ethyl-N  -n itro  so ace tan ili do
(i) In Benzene
Using a  concen tra tion  of 150 m g. /m l. and mod. 0.73 gauss^
a weak, v e ry  sh o rt- liv e d  signal of the PAPH type was observed .
The spec tru m , p a r t  of which is  shown in Fig. 14, was not
suffic iently  re so lv e d  to p e rm it com plete analysis., but the
following m easu rem en ts  w ere  m ade: ( l)  = 11.94 gauss
c *“5and A F  = 0.44 gauss, giving g = 2.0052 and og = 27 a: 10
(ii) In P y rid in e
Using a concen tra tion  of 600 mg. /m l. and mod. 0.41 gauss, 
the PAPN type signal, while m o re  in tense  than that found fo r 
benzene, was com plex and only p a rtia lly  reso lved . Only
(1) a ^  = 12.05 gauss and A F  = 0,51 gauss (giving g = 2,0052
c -5and Og = 31 X 10 ) could be m easu red  accu ra te ly . The
m o st lilcely assignm en t of the o ther coupling constants was: 
% -H  “ ( 1 ) ^  = 1-7 gauss and
( 2 ) a ^  H ” gauss. The linew idth was 0.28 gauss.
I
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(iii)  In  C u m en e
F o r a  concen tra tion  of 150 mg. /m l. and mod. 1.27 gauss 
the t r ip le t  of tr ip le ts  signal was weai^ and only detec tab le  fo r 
10 m in. F o r th is s ign a l (l)  a ^  = 30.7 gauss.
The 1:1:1 tr ip le t  (a ^  ~ 15 gauss) was a lso  observed .
i) p - C a r  b e thosry ~N -n itro so ace tan ilid e
(i) In Benzene
F o r a concen tra tion  of 400 rng. /m l. and mod. 1.27 gauss, 
both the PAPN type and tr ip le t  of tr ip le ts  signals w ere observed . 
The signals w ere of s im ila r  in tensity , the t r ip le t  of tr ip le ts  
being noticeably  m o re  in tense  than fo r the unsubstitu ted  
n itro s  am ide, while the PAPN type signal was m uch w eaker.
A t mod. 0.23 gauss the PAPN type signal was too weak to be 
analy s ed.
(ii) In P y rid in e
F o r  a cone en tra  tion of 600 mg. /m l. and mod. 0,074 gauss 
the PAPN signal, shown in  F ig. 15, was in ten se  and long-lived .
The sp ec tru m  consisted  of 3 groups of 13 lines  and was v e ry  
s im ila r  to tha t found fo r p^-t-butyl -N -n itrosoacetan ilide  in  
benzene. The ana ly sis  was as follow s: ( l ) a ^  = 11.04 gauss,
(2 )a^ ^  = 2.58 gauss, ( l ) a ^  = 1.66 gauss and (2^)a^ ^  = 0.92 gauss.
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A lso A F  = 0 .11 gauss giving g = 2.0054 and cSg = -6 x  10 
The linew idth was 0.34 gauss.
(iii) In Cum ene
F o r  a  concen tration  of 350 mg. /m l. and mod. 1,27 gauss, 
the tr ip le t  of tr ip le ts  signal was of m edium  in tensity  and of 
40 m in. duration  , while the 1:1:1 tr ip le t  in tensity , as before, 
in c re a se d  over the f i r s t  hour.
The com paratively  high in tensity  and s tab ility  of the 
tr ip le t  of tr ip le ts  allow ed a m o re  detailed  study Üian p rev iously  
possib le . The signal was s t i l l  detec tab le  when the mod. was 
reduced  to 0.13 gauss. The linew idth was consequently reduced  
fro m  0.90gauss (mod. 1.27 gauss) to 0.62 gauss. In sp ite  of 
th is no fu r th e r  hyperfine s tru c tu re  was reso lved . The o th e r 
m easu rem en ts  m ade w ere: ( l)  = 30.9 gauss, (l)a^^=2. 33 gauss
and A F  = 6.70 gauss. Hence g = 2.0014 and 8 g = 406 x  10 .
j ) N -N11 r  o sofo r  m an ili de
(i) In B enzene
Both Huisgen^'^^ and Hey^^ re p o rted  that the ra te  of 
decom position of N -n itrosoform anilide  was slow er than tha t 
fo r N -n itrosoaco tan ilide . This was also  evident from  the 
in ten s itie s  of the re sp e c tiv e  e. s. r . sp ec tra . F o r N-nitroso*-
mi
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ace tan ilid e  the s ignal was s tro n g e s t during the f i r s t  hour of 
the re ac tio n  and then slowly d ec reased , while fo r  a  s im ila r  
concen tra tion  of N -n itro so fo rm an ilide  the signal was weak a t  
tlie o u ts e t but b u ilt up g radually  befo re  d ec reasing .
In  o rd e r  to c re a te  a  sufficiently  high s ta tio n a ry  s ta te  
concen tra tion  of ra d ic a ls  to give the b e s t re so lv ed  sp e c tra  a 
so lu tion  of 400 m g. /m l. was used. The re su lta n t signal 
con sisted  of 3 overlapx>ing groups of a t le a s t  20 lin es . This 
hyperfine s tru c tu re  was m o re  com plicated  and l e s s well 
re so lv ed  tlian th a t found fo r N «rdtrosoacetanilide itse lf . The 
use  of py rid ine  as  so lven t p rovided  b e tte r  re so lv ed  signals , so 
the a ttem p ted  an a ly sis  was le f t fo r tha t system . However, 
the following m easu rem en ts  w ere m ade fo r N -n itro so fo rm an ilid e  
in  benzene: ( l ) a ^  = 11.65 gauss, ( 2 ) a ^  ^  = 0.89 gauss and
A F  -  0.33 gauss. Hence g ~ 2.0053 and S g  = 20 x  10 
I t  was a lso  noted th a t the low  fie ld  group of lin es  was 
unsym rnetrica l. F ig . l6  shows that the lines  a t  the low  fie ld  
s ide  of th is  group w ere b ro a d e r and le s s  re so lv ed  than those  a t  
h igher field . This effect was not observ ed  fo r py rid ine as 
so lvent o r  fo r  N -n itro soace tan ilide  in any solvent.
(ii) In P y rid in e
Using a  concen tra tion  of 200 m g. /m l. and mod. 0.041 gauss
•H
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the in tense  signal shown in  Fig, 17 was observed . The
reso lu tio n  was b e tte r  than  fo r benzene as solvent.
Without the a id  of com puter sim ulation  an exact and
unam biguous ana ly sis  was not possib le . However, the
following m easu rem en ts  w ere m ade with ce rta in ty :
(1) a ^  = 11.76 gauss, ^  = 0.89 gauss and ^  F  = 0.32 gauss.
Hence g = 2.0053 and Sg -  20 x 10 The com plexity of
the s tru c tu re  p reven ted  the accu ra te  de term ination  of the
a __ and sm a lle r  a__ values. However, two o ther coupling o, p - r l  N jT o
constants could be m easu red : the ou tside lines rev ea led  a
sp litting  of 1.25 gauss, while from  the cen tre  of each group a 
doublet of 3.12 gauss was obtained. This ex tra  a ^  value was 
p rov isionally  a ss ig n ed  to the pro ton  of the fo rm y l group: the
use  of deu terium  substitu tion  to confirm  this is re p o rte d  la te r  
in  th is  th es is  (p. 91),
F ig. 18 shows the low fie ld  group of lines with the fo rm yl 
proton sp litting  m arked .
(iii) In Cum ene
T hree  e. s. r . s ignals  w ere o bserved  during the decom position 
of N -ïiitroso fo rm anilide  in  cum ene. F ig . 19a shows the sp ec tru m , 
a t  mod. 0.23 gauss, 5 m in. a f te r  m ixing so lu te  and solvent.
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Two signals a r e  p re se n t: the 1:1:1 tr ip le t  o b se rv ed  fo r a ll
cum ene sy s tem s, and superim posed  a new 1:1:1 t r ip le t  of 
1:1:1 tr ip le ts , suggesting two n itrogen  nuclei! with coupling 
constants of 18,1 and 1,4 gauss. C om parison  with Fig. 5 
shows that th is was not the usual tr ip le t  of tr ip le ts :  in s tead  of
the ce n tre  of the sp ec tru m  being well upfield of tha t of the 
1:1:1 tr ip le t, the lines in  th is case  sy m m etrica lly  s tra d d le  it.
Fig, 19b was reco rd ed , a t  mod. 0.23 gauss, 3 h r. la te r :  the
only signal p re se n t is  the 1:1:1 trip le t. A fter 15 h r . ano ther 
new signal appeared . I t  was analysed  to give the  following in 
gauss: ( l ) a ^  = 11.38, (3) a ^  = 2.43, (2 )a ^  = 0.88 and
linew idth ~ 0,21. A lso Ù F  = -0.39 giving g = 2.0057 and 
S g  “ -24 X 10 This signal, which la s te d  fo r se v e ra l 
days, is  i l lu s tra te d  in  F ig. 20, togetlier with a  reco n s tru c tio n  
of tlie sp ec tru m  assum ing  the above ana ly sis , 
k) p -t-B u ty l-N -n itro  sof o rm an ilide
(i) In P y rid ine
The PAPN type signa l o bserved  during the decom position 
of a  400 m g. /m l. solution, and shown in  F ig. 21, had hyperfine 
s tru c tu re  m uch s im p le r  than tha t fo r the unsubstitu ted  n itro s  am ide. 
However, the b road  linew idth  (0.37 gauss) due to coupling with
m\
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the t-butyl pro tons p reven ted  an  ac cu ra te  ana ly sis . The 
following m easurem ents w ere  m ade in  gauss: (l) = 11.85,
(2 )a „  = 0.89 and A F  -  0,42. Hence g -  2.0053 and 
S  g = 24 X 10
(ii) In Cum ene
The sp e c tra  o b serv ed  during the decom position of a 
400 m g. /m l, solution of the n itro s  am i de in  cum ene p a ra lle le d  
those found fo r N -n itroso fo rm an ilide  itse lf . F o r  the f i r s t  half 
hour two signals w ere  p re se n t: the new 1:1:1 tr ip le t  of
1:1:1 tr ip le ts  had ( l)  = 18,10 gauss, (l) = 1.36 gauss and
gA.F = -0.58 gauss. Hence g = 2.0058 a n d 5 g = -36 x  10 
Spectra  re c o rd e d  a f te r  1 h r . showed only the second signal, the 
1:1:1 tr ip le t  fo r which a ^  = 15.00 gauss and A F  = -0.67 gauss. 
Hence g ~ 2.0059 and S g  = -41 x 10 . The linew idth  was
130.52 gauss a t  mod, 0. 041 gauss. Also o b serv ed  w ere the C
sa te lli te  lines fo r which the sp littings w ere 8.8, 5.1 and 3 .0 gauss.
A fte r 12 h r. the sp ec tru m  showed the th ird  signal superim posed
on the 1:1:1 tr ip le t. I t  consis ted  of 3 groups of 9 lin es , each
group being a 1:2:1 tr ip le t  of 1:2:1 tr ip le ts :  the following
m easu rem en ts  w ere  m ade in  gauss: ( l ) a ^  = 11.69, (2 )a ^  = 2 .47
and (2) a ^  = 0.90, A lso AF = -0.12 giving g = 2.0056 and 
-5Og = -7 X 10 .
r-î
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1) N -N itro so fo rm an ilide-1  - d 
(1) In B enzene
Although the n itre s  am i de could not be p re p a re d  in a p u re  
s ta te , the e. s . r .  sp e c tra  w ere  not affected. In a  te s t  ru n  
with undeu tera ted  N -n itrosoform anilide, p re p a re d  by tlie sam e 
technique, the signals o b serv ed  w ere ind istingu ishab le  from  
those re p o rted  e a r l ie r  fo r  the pu re  compound.
Using a concen tration  of 330 mg. /m l. and mod. 0,041 gauss
the sp ec tru m  il lu s tra te d  in  F ig. ZZ was observed . F ro m  th is
in tense  signal the following w ere determ ined: (1) a ^  = 11.65 gauss,
(2) a  = 0.89 gauss and ( l ) a ^  = 0.48 gauss. Also * m  -H ' ' D
A F  = 0.33 gauss giving g = 2.0053 and Sg = 20 x 10
The u se  of deu terium  substitu tion  confirm ed the assignm en t 
of the ex tra  coupling to the fo rm yl hydrogen. The doublet 
sp litting  of 3.12 gauss was rep laced  by a 1:1:1 t r ip le t  of 0.48 gauss, 
in  acco rdance  with the change of nuclear spin  fro m  1/2 to 1 and 
the ra tio  of the nu c lea r g -fac to rs  of 6.5 fo r the proton and the 
deuteron. Tliis t r ip le t  i s  i l lu s tra te d  in  F ig. 23 fo r the 
low fie ld  group of lin es .
(ii) In P y rid in e
The e. s. r . s ignals o bserved  on m ixing tlae a lread y  p a r tia lly  
decom posed n itro sam id e  witli pyrid ine w ere too sh o rt- liv e d  fo r
3
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accu ra te  an a ly sis . However, i t  was c le a r  th a t the sp e c tra  
d iffe red  fro m  those  found fo r the unsubstitu ted  n itro sam id e .
m) N «-Nitrosopropionanilide
(i) In  B enzene
Both H uisgei^^^ and Hey'*'^ re p o rted  tha t the ra te  of 
decom position of N ~nitrosopropionanilide was fa s te r  than th a t 
of N -n itro*cacetan ilide, This m ean t that a t  room  tem p era tu re  
the evolution of n itrogen  gas fo r  concen tra ted  so lutions 
(450 m g. /m l. ) was too fa s t  to allow  e. s. r . sp e c tra  to be 
reco rded , while fo r m o re  d ilu te solutions (50 m g. /m l. ) the 
ra te  was slow er, but the signals w ere too weak. However, 
by m aintain ing  the te m p e ra tu re  of the sp e c tro m e te r  cavity 
fixed a t 10^ the ra te  of reac tio n  was slow ed and in ten se  signals 
w ere obtained.
Using mod, 1.27 gauss the sp e c tra  w ere v e ry  s im ila r  to 
those found fo r  N -n itro soacetan ilide  in benzene. The 
(N -phenylpropionam ido)phenylnitro3dde signal was in tense , while 
the tr ip le t  of tr ip le ts  was weak. F o r mod. 0.23 gauss the 
tr ip le t  of tr ip le ts  was ju s t  detectab le , while the PAPN type 
signal, shown in  F ig. 24, had  hyper fine s tru c tu re  s im ila r  to 
th a t found fo r N -n itro soace tan ilide  in  benzene. However, tiie
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in ten s itie s  of the com ponent lines and the line  widths w ere quite
d ifferen t. The following m easu rem en ts  w ere  m ade fo r th is
signal in  gauss: ( l ) a  = 11.64 , ( l ) a  ^  = 2.74, (2 )a  ^  = 2.61,IN O -M o, p-Jri
( l ) a ^  ~ 1.67 and y  = 0.89. Also A F  = 0.32 giving
g = 2.0053 and S g  = 20 x  10 The la rg e  line  width of 0,35 gauss 
probably  conceals a  sm a ll coupling, e ith er with acy l group 
pro tons o r  ones in  the second phenyl ring,
(ii) In P y rid in e
oBy m aintain ing  the cavity  tem p e ra tu re  a t 10 and using a 
concen tra tion  of 400 m g. / m l . , the PAPN type signal was 
o b serv ed  and the following m easu rem en ts  m ade in  gauss:
( l ) a ^  = 11.80, ( l ) a ^ ^ ^  = 2.75, (2) a^ ^  = 2.62, ( l ) a ^  = 1.68
and (^) 8-^ = 0.90. A lso A F = 0.39 giving g = 2.0053 and
o g  = 24 X 10
(iii) In Cum ene
F o r  a 150 m g. /m l. so lu tion  a t  room  te m p e ra tu re  two 
signals w ere observed . The 1:1:1 tr ip le t  with a ^  = 15 gauss 
and the tr ip le t  of tr ip le ts  : the la t te r  signal v/as m uch
s tro n g e r than th a t o b se rv ed  fo r  N -n itro soacetan ilide  in  cum ene, 
and was de tec tab le  fo r  mod. as low  as 0.041 gauss. However, 
the ra p id  evolution of n itrogen  p reven ted  sp e c tra  fro m  being
mLPj
94.
re c o rd e d  a fte r 20 m in.
n) K -N itrosoisobutyrardX ide
(i) In Benzene
The in c re a se  in  the ra te  of the decom position, re su ltin g
from  changing the acy l group from  ace ty l through propionyl
to isobu ty ry l, m ade an  e. s. r. study a t room  te m p e ra tu re
im possib le . Only by m aintain ing  the cavity a t 5^ could sp e c tra
be reco rd ed . Using a concen tration  of 450 m g. /m l. both the
PAPN type signal and the tr ip le t  of tr ip le ts  w ere  o bserved
during the f i r s t  half hour of the  reaction . The PAPN type
signal, i l lu s tra te d  in  F ig. 25, had liyperfine s tru c tu re  s im ila r
to th a t found fo r N -n itro soacetan ilide  and N -nitrosoprop ionan ilide,
with only s ligh t d iffe rences in  the widths and in ten sitie s  of the
lin es . Due to the in s tab ility  of the signal the only m easu rem en ts
m ade w ere: ( l) = 11. 70 gauss and A F  = 0.33 gauss.
Hence g = 2,0053 and o g  = 20 x  10
A fter leaving the sam ple  to decom pose a t room  te m p e ra tu re
fo r 12 h r. the PAPN sp ec tru m  was rep laced  by ano ther signal,
which is  i l lu s tra te d  in  Fig. 26„ and which was iden tified  as
diphenylnitroxide fro m  its  hyperfine coupling constants. These
w ere m e a su re d  in  gauss as: ( l ) a ^  = 9.84, (6 )a = 1.86*N o, p —n
mri
4 gauss
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Fig# 27 DPHO from K -N itro so iso lx ity ran ilid e  in  benzene 
w ith  re c o n s tru c te d  spectrum
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and ('^) 9.^ = 0.80. Also A F = *0.28 giving g = 2.0057 and
c -5o g  = *17 % 10 . The values fo r the sp litting  constants fa ll
betw een those found by o th e r w orkers fo r  DPNO in benzene.
77 122Thomas ' found (1 )a  ^ = 10.9 gauss, (6 )a  __ = 1.97 gaussN o, p -H
123and ('^) y  -  0.77 gauss, while Strom , Bluhm and W einstein 
found ( l)  a ^  -  9.70 gauss, but did not re p o r t  a ^  values. F ig . 27 
shows the low fie ld  group c f  l^rperfine lin es , with a 
reco n stru c tio n  of the spec tru m  assum ing  the above ana ly sis .
(ii) In P y rid in e
The decom position in  pyrid ine was too fa s t to allow  sp e c tra  
to be reco rded ,
(iii) In Cum ene
F o r a l 60  m g, /m l, so lution a t  room  te m p e ra tu re  the
tr ip le t  of tr ip le ts  vyas detec ted  fo r about 30 m in. and had
( l ) a ^  = 30.7 gauss, while the 1:1:1 tr ip le t  in tensity  in c re a se d
13 15over se v e ra l days. The C and H sa te lli te  lines w ere 
o b serv ed  as shown in  F igs. 12 and 13, and two of the coupling 
constants w ere m e a su re d  as 8.8 and 5.2 gauss. V aria tion  of 
the te m p e ra tu re  from  *50^ to 25^ produced  no im provem ent in 
the reso lu tion  of the m ain  o r  sa te llite  lines.
mCO
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o ) N -Ni t r  o g o b en ganili de
(i) In B enzene and Cum ene
The p rec ip ita tio n  of so lids during the decom position 
p reven ted  the reco rd in g  of any sp ec tra .
(ii) In P y rid in e
No solids w ere fo rm ed  during the decom position of a
400 m g. /m l. so lu tion  a t  0^. The spec trum  ob serv ed  a t
mod. 0. 074 gauss is  shown in  F ig. 38, the b as ic  p a tte rn  fo r
this (N -phenylbenzam ido)phenylnitroxide signal d iffering
sligh tly  from  the PAPN signal found fo r N -n itro soacetan ilide
in  benzene. E ach group of lines  was ana lysed  and found to
co n sis t of 9 m ain  com ponents with re la tiv e  in ten s itie s
1:1:4:3:6:3:4:1:1, each of th ese  lines being fu r th e r  sp lit 1:3:1.
F ig. 39 shows the low fie ld  group of lines with a  re co n s tru c tio n
of the spec trum  assum ing  the following an a ly sis : (l)  a ^  = 12. 08
gauss, (3) a^ ^ ^  (m ean value) = 3.79 gauss, (l)  a ^  = 1.40 gauss
and (2) a = 0.94 gauss. Also m easu red  w ere: linew idth -  0.18 m  -H
gauss and a F  = 0.46 gauss, giving g = 3.0053 and Sg=28 x 10*" .^
C lose exam ination of the ou tside lines of tlie sp ec tru m  (Fig. 30a) 
rev ea led  an additional doublet sp litting  of 0.38 gauss. The 
m o st likely  assig n m en t of th is sp litting  is  to a  pro ton  in the p a ra -
11 i! Il 11
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position  of e ith e r the benzoyl group o r the second phenyl ring  
in  tîie fo rm u la  below;
O'
N
C
T hese a lte rn a tiv e s  w ere  exam ined by studying the PAPN 
type signal re su ltin g  fro m  the decom position of N -n itro so - 
benzanilides with th ese  positions substitu ted .
p) 4 -C liloro -N ^ n itrosobenzanilide
In P y rid in e
E. s. r . sp e c tra  o b se rv ed  during the decom position of a 
120 m g. /m i. so lution w ere  ind istingu ishab le  fro m  those fou^id 
fo r the unsubstitu ted  n itro sam id e . Fig. 30b shows the ou tside 
lines of th is spec trum .
q) p -t-B u ty l-N -ni t r  o s ob ensanilide
In P y rid in e
Using a concen tra tion  of l60 mg. /m l. the PAPN type signal 
was weak and sh o rt-liv ed . The groups of lines  w ere ana lysed  
and found to co n sis t of 7 m ain  lines with in ten s itie s  I;1 :3 :2 :3 :I:1 , 
with each of these  lines  sp lit 1:2:1. The following m easu rem en ts
-5
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w ere m ade; (l) = 12.11 gauss, y  ~ gauss
and A F  = 0,52 gauss. Hence g = 2.0052 and Sg = 32 x 10 
The ex tra  doublet sp litting , found fo r both 4 -c h lo ro -  
N -n itro sobenzan ilide and the unsubstitu ted  n itro sam id e , was 
not o b serv ed  (Fig, 30c). I t  was thus p rov isionally  assig n ed  
to the p -p ro ton  of the second a ry l ring.
r) The Use of D egassed  Solvents
The effect of d isso lved  oxygen in  n itro sam id e  solutions
124has been stud ied  by S im am ura, He found an in c re a se  in 
the fo rm ation  of tari*y re sid u es  a t the expense of a ry la tion  
products on bubbling oxygen through the solution.
I t  has a lso  been  e s tab lish ed  that the p re se n ce  of d isso lved  
oxygen in  solution can effect the reso lu tion  of e. s. r . sp ec tra .
F o r exam ple, Deguchi found that fo r a solution of diphenyl- 
p ic ry lh y d razy l open to the a tm osphere  the signal consisted  
of a  qu in tet of b ro ad  lines with in ten sitie s  1:2;3:2;1, due to 
coupling with the two n itrogen  nucleii. However, a f te r  
rem oval of the d isso lved  oxygen, m any additional hyperfine lines 
w ere observed , due to coupling with the a ry l ring  nucleii.
In  o rd e r  to exam ine the effect of d isso lved  gas ses  on the 
e. s. r .  sp e c tra  o b se rv ed  during the decom position of n itro sam id es
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the following p ro ced u re  was employed. The solvent to be 
u sed  was degassed  by the s tan d ard  vacuum  line  p ro ced u re  
of su ccess iv e  cycles of freez ing , evacuation and m elting . A 
sm a ll flask  containing the n itro sam id e , and fitted  with an 
e. s. r , tube s idearrn , was a ttached  to the vacuum  system  and 
evacuated. The degassed  so lvent was then d is tilled  into the 
reac tio n  v e sse l and the re su lta n t n itro sam id e  solution kept 
a t liqu id  a ir  te m p e ra tu re  un til requ ired . The solution was 
then tipped into the sidearm ^ which was p laced  in  the cavity 
of the sp ec tro m e te r.
Using this technique solutions of N -n itro soacetan ilide  in 
benzene and carbon  te tra c h lo r id e  w ere exam ined. F o r n e ith e r 
the PAPN nor the tr ip le t  of tr ip le ts  s ignals was th e re  an 
im provem ent in  the in tensity , line  width o r  reso lu tion : in
view  of tliis no a ttem p t was m ade to exclude a ir  fro m  other 
n itro sam id e  solu tions.
s ) Sum m ary of E. S. R. Signals O bserved  during the 
D ecom position of A cy la ry ln itro sam ines in  Solution 
Signals co rresponding  to tha t f i r s t  re p o rted  by R uchardt, 
and ass ig n ed  by P e rk in s  to the (N-ary lacetam ido)ary ln itrox ide  
ra d ic a l, w ere o b se rv ed  fo r a ll tiie n itro s  am ides studied.
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V ariation  of the acy l group, o r  the substituen t of the a ry l  
ring , of the n itro sam id e  a lte re d  the hyperfine s tru c tu re  of 
the spec trum . I t  was a lso  noted that the u se  of a  num ber of 
so lvents produced, not only sm a ll changes in  the a^^ and 
g -values (Table 7), but a lso  quite d iffe ren t s ignal in ten sitie s .
In addition a h ith erto  u n rep o rted  signal consisting  of a 
1:1:1 tr ip le t  of 1:1:1 tr ip le ts  was also  detec ted  during the 
decom position in  a num ber of so lvents, p a r tic u la r ly  the a ro m a tic  
hydrocarbons. This signal was c h a ra c te r is e d  by a la rg e  a ^  
value of about 30 gauss and a  g -fac to r of 2,0015 - l e s s  than the 
f re e  spin value of 2.0023. The sp litting  constants w ere 
in sen sitiv e  to v aria tio n s  of the acyl and a ry l groups of the 
n itro sam ide .
A num ber of o ther signals w ere also  observed .
F o r  a ll the n itro sam id es  in  cum ene a 1:1:1 t r ip le t , with 
a ^  = 15,00 gauss and g -  2. 0059 was detected.
When diethyl e ther was u sed  as so lvent th e re  was a signal 
fo r which (l)  a ^  = 15.3 gauss, (l)a^^ = 5.8 gauss, (l)  ~ 1.35 gauss
and g = 2.0057.
The decom position of N -n itro so isobu ty ran ilide  produced  a 
signal a ttr ib u ted  to d iphenylnitroxide, in  addition to the one
•bX
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assig n ed  to^-phenylioobutyraiT iido)phenylnitroxide.
The decomposition of N -n itroso fo rm anilide  in  cum ene 
produced two p rev iously  undetected  signals. The f i r s t  was 
a  1:1:1 t r ip le t  of 1:1:1 tr ip le ts  with (l) a ^  = 10.1 gauss,
(l) a ^  ~ 1.4 gauss and g = 2.0058. The second appeared  a f te r  
1 day and had coupling constan ts of ( l)a j^  = 11.4 gauss,
(3) Ur  ~ 2.4 gauss and (2 )aR  = 0.9 gauss, and g = 2.0057.
Each of th ese  signals  is  d iscu ssed  la te r  in  th is  d iesis  in 
te rm s  of itsv a ria tio n  with so lvent and substituen t group, and 
the in fo rm ation  tha t they give in  determ ining  the m echan ism  
of tlie re ac tio n  is  a s se s se d .
VII E. S .R . STUDY OF RELATED SYSTEMS
a) D ecom position of P henylazotriphenylm ethane
On w arm ing a 100 m g. /m l. solution of phenylazo tripheny l­
m ethane in benzene to 50° and allowing to cool, a  v ery  in ten se  
e. s. r .  signal was detected. F o r mod. 0.013 gauss the linew idth 
was 0.053 gauss and the spec tru m  (Fig. 31) was well reso lved . 
A fter study of the hyperfine s tru c tu re , the signal was assig n ed
ir\
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126to the tripheiiy lm ethyl ra d ic a l [(3 )a^  ^  = 2.78 gauss,
(6) a “ 2.55 gauss and (6) a  " 1.11- gauss] form ed^ o~H ^ m -H  5
during tlie decom position.
Ph. N:N. CPh^  > P h ‘ + N  4- C Ph
No o ther signal was detected.
b) R eaction  of A niline and Penty l N itr ite
A niline (800 m g. ) and pentyl n itr i te  (800 mg. ) w ere 
d isso lved  in  benzene ( 1 m l. ) and the solution m ain tained  a t 
40 in  the cavity  of the sp ec tro m e te r.
Using mod. 2.3 gauss a weak 1:1:1 b road  tr ip le t  was 
o b serv ed  during the reaction , and la s te d  fo r about 3 h r. On 
d ecreasing  the mod. to 0.23 gauss the tr ip le t  was p a rtia lly  
re so lv ed  to give tlie signal shown in Fig. 32. The groups of 
lines w ere sep a ra ted  by about 12 gauss and the hyperfine 
s tru c tu re  of each group consisted  of about 15 lines sep a ra ted  
by about I gauss. The in stab ility  of the signal and the low signal 
to no ise  ra tio  p reven ted  an accu ra te  ana lysis  of the spec trum .
c) The Iso la tion  and Study of Solids P re c ip ita te d  during the 
D ecom position of A cy lary ln itro s am ines
(i) The Solid from  14 -Nitrooobeng-anilide in C arbon T e trach lo rid e  
The so lid  fo rm ed  during the. decom position of N -nitroso~
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benzan ilide (0.5 g. ) in  carbon te trac h lo rid e  (3 m l. ) was co llected  
and w ashed with p e tro l. The in fra re d  spec trum  (Nujol) 
showed abso rp tion  a t 2300 cm.  ^ (weak, and a t
1700 cm.  ^ (m edium , C=0).
The so lid  was d isso lved  in  pyrid ine and, a f te r  the 
subsidence of the in itia l evolution of gas, the solution was 
tra n s fe r re d  to an e. s. r .  tube. The signal, which was in ten se  
and w ell re so lv ed  fo r mod. 0,041 gauss, was ind istingu ishab le  
from  tha t shown in F ig . 26 fo r N -n itroso isobu ty ran ilide  in 
benzene, and was thus ass ig n ed  to diphenylnitroxide (DPNO).
The following m easu rem en ts  w ere  m ade in  gauss: (l)  a ^  = 9.88,
(6 )a  = 1.87 and (4) a = 0.81. A lso linew idth = 0 .l6o, p**H ' m -H
and AF = -0.19, giving g = 2.0056 and 8g = - 1 1 x 1 0
(ii) The Solid from  N -N itrosobenzan ilide in  M esitylene 
The so lid  fo rm ed  during the decom position of N -n itro so - 
benzanilide (0.5 g. ) in  m esit^rlene (3 m l. ) was co llected  and 
w ashed with pe tro l. The in fra re d  spec trum  (Nujol) showed 
abso rp tion  a t 2300 cm.  ^ (m edium , -A sN ) and a t 1720 cm,  ^
(in tense, C=0),
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The in tense  e. s. r , s ignal observed  on dissolv ing the so lid  
in  pyrid ine was ind istingu ishab le  from  th a t found fo r the-so lid  
from  N -n itrosobenzan ilide in  carbon te trach lo rid e ,
(iii) The Solid from  N -N itro soace tan ilide  in  C arbon T e tr a ­
ch lo ride
The so lid  iso la ted  from  the decom position of N -n itro so - 
ace tan ilide  (0.5 g. ) in  carbon  te trac h lo rid e  (2 m l. ) was 
d isso lved  in  pyrid ine. The e. s. r . signal o bserved  consisted  
of a we*k b road  1:1:1 tr ip le t, which could be p a r tia lly  re so lv ed  
to give s tru c tu re  s im ila r  to tha t found fo r tlie o th er so lids.
(iv) The Solid from  N -N itroaoacetan ilide  in  Cumene
It was re p o rte d  e a r l ie r  in  this thesis  that so lids w ere
p re c ip ita te d  during the decom position of concen tra ted  solutions 
of N -n itro soacetan ilide  in  a ll the a ro m a tic  hydrocarbon  solvents 
used , with the exception of benzene. As th is was m o st ap p aren t 
when cum ene was used, this so lvent was se lec te d  fo r m o re  
deta iled  study.
N -n itro soacetan ilide  (1,0 g, ) was d isso lved  in  cum ene (4 m l. ) 
and tlie so lu tion  allow ed to decom pose a t room  tem p era tu re . 
A fte r 30 m in. the so lid  deposited  was co llec ted  and w ashed with 
petro leum  in  tlie v /ater and oxygen f re e  a tm o sp h ere  of a  dry  box.
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On filte rin g  the reac tio n  m ix tu re  in  the p re se n c e  of a i r  one 
sam ple  of the so lid  exploded.
The in fra re d  sp ec tru m  (Nujol) showed abso rp tion  a t  
2300 cm.  ^ (m edium , -A^s^N) and a t 1710 cm.  ^ (m edium , C=0).
D issolving the so lid  in  acetone-d^  re su lte d  in  ra p id  evolution 
of gas. The n. m . r . spectrum , showed absorp tion  a t 
T  2.0-3 .0  (complex) and a t T  8.0.
The e. s . r . signal o b serv ed  on dissolving the so lid  in 
pyrid ine  was the sam e as that found fo r the o ther so lids and 
was thus ass ig n ed  to DPNO,
No o th er signal was detec ted  fo r any of th ese  sy stem s,
d) D ecom position of B ensenediazonium  A cetate
The p re p a ra tio n  of th is unstab le  so lid  is  d esc rib ed  e lsew here
in  th is th es is . Using a concentration  of about 25 m g. /m l. in
benzene and mod, 1.27 gauss a wealc b road  1:1:1 tr ip le t  was
detected. On reducing the mod. to 0.41 gauss the hyperfine
com ponents of the b ro ad  peaks w ere re so lv ed  and showed the
typ ica l s tru c tu re  of the DPNO spec trum  and the following
m easu rem en ts  w ere  m ade in  gauss: ( l ) a . -  = 10.07, (6) a -„=1,88 ^ N o, p-H
and (4) ^  = 0.84. A lso A F  = -0.12, giving g -  2.0057
and Sg = -7 X 10
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I McLACHLAN MOLECULAR ORBITAL CALCULATIONS
a) Introduction
I t  is  now w ell es tab lish ed  tha t the hyperfine sp litting  fro m  
a rin g  pro ton  in  the e. s. r , spec trum  of m o s t a ro m a tic  f re e  
ra d ic a ls  in  solution is  re la te d  to the unpaired  sp in  density  in
58the TT -o rb ita l a t  the ad jacen t carbon atom  by the M cConnell 
equation
Among se v e ra l m ethods developed to account fo r tlie sp in
d istribu tion  over the carbon  atom s in a  rad ica l, two in  p a r tic u la r
have found w idespread  use.
The f i r s t  is  the sim ple  Huckef m o lecu la r o rb ita l m ethod,
which neg lec ts the o -o rb ita ls  as being lo ca lised  and non-
in te rac tin g , and re g a rd s  the “fT-orbitals as a l in e a r  com bination
of the availab le  2p^ a tom ic o rb ita ls . The re su lta n t unpaired
e lec tro n  spin  d is trib u tio n  gives a successfu l account of the sp e c tra
of m any a lte rn a n t hydrocarbon  ions. However, because  the
m o lecu la r o rb ita l wave function m akes no allow ance fo r the
c o rre la tio n  of e lec trons the m ethod is unable to account fo r tîie
negative sp in  densities  which n. ui. r ,  s tud ies have shown to occu r
128in ra d ic a ls  such as the pyrene negative ion.
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The second m etliod is  the V alence Bond theory , wliich, 
altliough allowing fo r negative sp in  den sities , is  a lso  both
laborious and inflexib le.
57The M cLachlan theory  com bines the b e s t of both th ese
m ethods to provide a s tra ig h tfo rw ard  technique fo r  p red ic ting
spin  density  d is trib u tio n s, the b asis  of which is  outlined below.
In a ra d ic a l the conventional single de term inan t wave
function with one u npaired  e lec tron  and Zn o th e r e lec trons
p a ire d  in n  m o lecu la r o rb ita ls  is  le s s  usefu l than fo r a  c losed
shell sy stem , because  the m otions of the e lec trons of c and
P spins a r e  affec ted  in  d iffe ren t ways by the odd elec tron .
To allow  fo r this effect and the re su lta n t negative spin den sities ,
two types of wave function can be used. One type uses the
conventional de te rm inan t with  a sm all adm ix tu re  of excited
configurations, while the o th e r u ses a sing le d e te rm inan t vdth
57d iffe ren t o rb ita ls  fo r a and p sp ins. M cLachlan was ab le to 
show th a t the fo rm e r leads to n ea rly  the sam e 't r -e le c tro n  spin  
d is tribu tion  as tlie la t te r ,  if the sm all adm ix tu re  of excited  
s ta te s  is  re g a rd ed  as a  p e rtu rb a tio n  of the Hiickel m o lecu la r 
o rb ita ls .
Thus the spin  density  in M cL achlan’s m ethod is  given by 
/> r ~ C ro^ K S q
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2w here Cro is  the Hiickel sp in  density  on atom  r ,  is  the
mutual po lar is  ab ility  of atom s r  and s, and X is  a n u m erica l 
constan t which can be ad ju sted  to give the b e s t f it  with experim en t, 
but is  often se t a t 1.2.
The p e rtu rb a tio n  can be re g a rd ed  as a sm all additional 
a ttra c tiv e  te rm  acting, within the Hiickel fram ev/ork , on those 
e lec trons with spin  p a ra lle l  to the odd electron .
The ca lcu la tion  thus produces spin densities  approxim ating  to 
those from  fie m o re  rigo ro u s se lf-co n s is te n t fie ld  theory .
Iden tica l densities a re  p red ic ted  fo r positive  and negative ions, 
and the approxim ation  holds fo r n eu tra l a lte rn a n t ra d ic a ls  giving 
negative sp in  d ensities  w here the Hiickel densities a r e  zero  o r 
sm all. Although not contained in  the o rig in a l theory , the spin 
density  d is tribu tions fo r rad ica ls  containing he teroa tom s have 
been su ccessfu lly  ca lcu la ted  using the Me Lachlan m ethod,
b) C om puter Projs^ramme
The calcu la tions w ere  p e rfo rm ed  on an IBM 1620 com puter,
129using a p ro g ram m e w ritten  by D. H. Levy in  F o r tra n  II, fo r 
an IBM 7090 and m odified  fo r the 1620 by Dr. C, Thom son, The 
p ro g ram m e ca lcu la tes both Hiickel and Me Lachlan spin  densities  
from  input data consisting  of tlie constan t X and the n o n -ze ro
I l l ,
elem ents of the in itia l se c u la r  determ inan t,
c) Choice of M olecular O rb ita l P a ra m e te rs
I t  is  u sual to ex p ress  the Coulomb (c.) and resonance
130 131(Py) in teg ra ls  in  te rm s  of the values ap p ro p ria te  to benzene. ' 
a = a + h p ,X  C X  C “ C ‘
P -  k p xy xy c -c '
w here h^  ^ and a r e  the MO p a ra m e te rs  in  the Pauling
approxim ation.
F o r the Ph-N-O* frag m en t of a ry ln itro x id es  the p a ra m e te rs
re q u ire d  a r e  1)^ ,^ ly ,  ^KO no rm al ranges of
131these  have been l is te d  by S tre itw e ise r as follow s: h ^  = 1.5,
1 .0 < h ^< 2 ,0 , 0 .6 < k  _ < 0 ,8  and 0 .7 < k _ < % .2 . In  additionJN<J OJN
the effect of s te r ic  h ind rance  preventing p lan a rity  in  the ra d ic a l 
can be taken into account by considering  the resonance  in teg ra l 
as a  te rm  cos 0 , w here 0  is tZie angle of tw is t and is  the
jpesonance in,teg3?a3.jbotwo3n the p lan ar sy s tem  and the substituen t.
Two quite d iffe ren t se ts  of values have been u sed  fo r 
Me L achlan calcu la tions on n itrox ide  rad ica ls  with equal su ccess .
132 , ,   13Deguchi et a l . and a lso  Kikuchi and Someno u sed  the 
following values fo r calcu la tions p e rfo rm ed  on phenyln itroxide {PNG} 
and d iphenylnitroxide (DPNO): A = 1.0-1.2, = 1.5, h^ = 1.2,
112.
"" ~  0 . 8 - 1. 0 .
On the o th er hand Ays cough and 5 a rg e n t^ ^  found i t  
n e c e ssa ry  to em ploy a  value of ou tside  the lim its  m entioned
by S tre itw e ise r, The p a ra m e te rs  they u sed  a r e  as follows:
X « 1.2, h ^  =5 1.5, h^  -  1.0-1.8, = 1.6, k ^ ^  » 1.05-1.2,
In view  of th is d isag reem en t in  the choice of k ^ ^ ,  i t  was 
decided to c a rry  out ca lcu la tions on both phenylnitroxide (PNC) 
and diphenylnitroxide (DPNO) in  an  a ttem pt to find a  com m on 
s e t  of p a ra m e te r  values fo r the Ph-N-O* fragm ent, which could 
then be u sed  fo r the (N -phenylacetam ido)phenylnitroxide (PAPN) 
rad ica l.
Phenyln itrox ide
Below a r e  l is te d  the  hyperfine coupling constan ts fo r PNO
133found by Kikuchi and Someno, together with the experim en ta l
Hspin d ensities  fo r the pro tons assum ing a value of 23,7 gauss,
a ^  -  8.81 gauss 
a ^ ^ ^  = 11.71 gauss
a = a „  ~ 2.92 gauss (ejcp. ) -  0,123o - H  p - M  ^
^m -H  ~ gauss /o (exp. ) = 0.043
113.
T able 8 shows the ca lcu la ted  spin density  d is tribu tion  in  
the PNO ra d ic a l fo r values of ranging from  0.6 to 2.0, 
with the rem ain ing  p a ra m e te rs  fixed a t the following values:
X ~ 1*2, hj^ “ 1.5, h ^  ~ 1*0, -  1*2.
F ro m  this tab le  and fro m  Fig. 33, which shows the change 
in  the ratioyo(para) ^ (o r th o )  with v a ria tio n  of i t  is  c le a r
that the experim en ta lly  observ ed  equivalence of the ortho  
and p a ra  positions is  p red ic ted  fo r values of about 0.5 and 
1.6.
p ( p a r a ) / ( o r t h o ) v e r s u s
1.5
( p a r a )
y O  ( o r t h o )
m
1.0
114.
T A B L E  8
M cLachlan. Spin D e n s itie a  fo r  P h e n y ln itro x id e
V ariation  with
3
4 5
\
8
1, 5 2 ,4 3 6 7 8
0,5 •1611 - 0633 •1550 -0 1 1 1 •3427 •3178
0. 6 •1423 - 0646 •1144 - 0485 •3534 •4252
0.8 •1136 - 0642 •0610 - 0971 •3648 •5723
1.0 • 0967 -0 6 1 1 •0406 -1 1 3 1 •3584 •6427
1.1 •0926 - 0590 •0407 ~ 1110 •3483 •6547
1.2 •0912 - 0567 •0462 -•1036 •3343 •6541
1.4 •0956 ■‘•0527 •0699 - 0774 •2976 •6240
1.6 •1065 - 0498 •1034 — *0424 •2557 ■5699
1.7 •1130 .. *0488 •1219 - 0230 •2345 •5383
1.8 •1194 -•0480 •1409 - 0026 •2135 •5053
115.
X3iphenylnitro3d.de
The hyperfine coupling constants found by B a ird  and 
77Thom as a r e  lis te d  below, with the experim en ta l spin
Hden sities  assum ing  Q = 23.7 gauss.
~ 10.9 gauss
^o-H  ~ ^p-H  ~ gauss /O (exp. ) = 0,083
gauss / )  (exp. ) = 0.033
Table 9 shows the ca lcu la ted  spin  d ensities  fo r the DPNO 
ra d ic a l fo r values of ranging from  0,5 to 1,8, with the 
o ther p a ra m e te rs  fhced a t  the following values: X ~ 1.2, 
ix^ -  1.5, h ^  = 1.0, = 1.05.
The change in  the ra tio  of/O ( p a r a ) ^  (ortho) with v a ria tio n  
of is  p lo tted  in  F ig , 34. As fo r PNO the experim enta lly  
observed  equivalence of tiae o rtho  and p a ra  ^ positions is  p red ic ted  
for values of 0.5 and 1.6.
f o r  DPNOv e r s u s
p ( p a r a )p ( o r t h o )
1,0
0.5 1.0 1.5
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T A B L E  9
M cL ac lilan  Spin D e n s itie s  fo r  lA p h en y ln itro x id e
V aria tion  with Î
3
1, 5, 9, 13 2 .4 , 10, 12 3, 11 6, 8 7 14
0.5 .1109 -.0410 .1119 -.0184 .3177 .2157
0.6 .1033 -.0407 .0973 -.0312 .3192 .2983
0.8 .0897 -.0396 .0741 -.0503 .3178 .4340
1.0 .0798 -.0378 .0609 -.0585 .3074 .5199
1.1 .0764 -.0368 .0580 -.0587 .2904 .5446
1.2 .0740 -.0358 .0574 -.0565 .2869 .5586
1.4 .0719 -.0338 .0615 -. 0464 .2581 .5590
1.6 .0728 -.0321 .0711 -.0308 .2242 .5329
1.6 .0750 -.0305 .0840 -.0117 .1889 .4886
117.
As a re s u lt  of this exam ination i t  was decided to se le c t 
two se ts  of p a ra m e te rs , which, giving sa tis fac to ry  ag reem en t 
betw een the ca lcu la ted  and experim en ta l spin  densities  fo r both 
PNO and DPNO, could then be used  fo r o th er n itrox ide s. A fter 
sy s tem atic  v a ria tio n  of the p a ra m e te rs  the following common 
se ts  w ere  chosen.
Set A. - X = i . l ,  h ^  = 1.5, h ^ =  1.6, 1;^^ = 0.7; the 
value of could be chosen betw een 0.6 and 0.9 depending 
on the deg ree  of tw is t betw een the a ry l ring  and the N -O  group.
Set B. - X = 1.2, -  1.5, h ^  = 0.95, = 1.6;
1 ^ 0  ~ 1.0-1.35 depending on the angle of tw ist,
d) C alcu lated  Spin D ensity D istribu tions fo r N itrox ide R adicals
(i) Phenylni t r  Old d e
The d istrib u tio n  of spin  density  in the PNO ra d ic a l was
ca lcu la ted  using the p a ra m e te rs  of se ts  A and B, the k _  valueOJM
being v a rie d  to give the b e s t f it with experim ent. The re su lts  
a r e  l is te d  and com pared  with the escperimental values in Table 10.
(ii) D iphenylnitroxide
The ca lcu la ted  spin  density  d is tribu tion  fo r DPNO, using both 
se t A and s e t B and a f te r  op tim isa tion  of a r e  l is te d  in
Table 11, and com pared  witîi the experim en ta l values.
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T A B L E  10
M c L a ch la n  Spin .D ensities fo r  P h e n y ln itro x id e
,o (calc. )
Position.®'^ ^ ( e x p .
Set Set
1, 5 .1241 .1229 .123
2 ,4 0484 -.0543 .043
3 .1227 .1241 .123
6 .0074 -.0362
7 .4968 .2223
8 .2216 .5527
a) F o r key to position  ntimbex‘s. see  Table 8 on p. 114.
b) WiÜi k „ „  = 0.82.
c) Witli k = 1,33.
d) The sign o f ^  (exp. ) is  not determ ined, fro m  the speotrunn
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T A B L E  11
M cL ach lan  Spin D e n s itie s  fo r  X X phenylnitroadde
p  (calc. )
a)
P o sitio n  *• yO (exp, )
b) c)
Set A Set B
1, 5, 9, 13 .0824 .0823 .083
2 ,4 , 10, 12 -.0311 -.0350 .033
3, 11 .0845 ,0829 .083
6, 8 -, 0066 -.0291
7 .4589 .1909
14 .1801 .5103
a) F o r  the position  num bers, see  Table 9 on p. 116.
b) With k_._ = 0.73.CN
c) With k  = 1 .18 .
120.
(iii) (N -P henyla c e tam i do )phenyInitx*Qxide
The hyperfine coupling constants de te rm ined  fo r th is
ra d ic a l (R=Me) a r e  l is te d  below. T here was no reso lv ab le
coupling with the pro tons a ttached  to positions 10-14 on the
second phenyl ring , no r with the m eüiyl p ro tons of the acy l
group; thus th ese  sp litting  constants w ere  assu m ed  to be le s s
than 0, i gauss. The experim en ta l spin densities  a r e  a lso
tabulated , th e ir  values being com puted from  the valuesri
H Hassum ing  O = 23,7 gauss and = 28,0 gauss.
3
^N(7) " ii*62 gauss 
®N(8) "
^H(5) ” gauss /O(exp, ) = 0 ,115
^H (l) ^H(3) ~ gauss /O (exp. ) = 0.110
^H(2) ” ^H(4) ” gauss /o(e:;cp, ) = 0.038
^H( 10-14)  ^ gauss /O (exp. ) < 0.005
^H(Me, 16)  ^ gauss ,o (exp . ) < 0.004
121,
P re lim in a ry  calcu lations of the th eo re tica l sp in  density  
d istribu tion  w ere p e rfo rm ed  using the p a ra m e te rs  of se ts  A 
and B as a b as is , and estim ating  the rem a in d e r from  the 
geom etry  of the sy s tem  with Üie a id  of m o lecu la r m odels,
— ^ ^ ( 7 )  " \) (1 5 )  ” ^ 0 ( 7 - 1 5 )  ~
3 31In addition the S tre itw e ise r ’ values of = 1,5, =1.0
and -0^26-17) “ w ere used. Witli the m o lecu lar
m odels the tw ists  of the CN(6-7), NN(7-8) andN C{8-9) bonds 
w ere judged to be s im ila r  to those found fo r the CN bonds in 
DPNO, wliile tîxe acy l group was c lea rly  w ell out of the ra d ic a l 
plane. On th is  assum ption  the following w ere  chosen:
^'^CN{6-7) ” ^ N ( 7 - 8 )  ~^%rC(S-9) " ^ C ( 8 - l 6 )  ~
S e tK  -  A = 1 .2 , = 1.5, = 0*95,
The rem ain ing  values w ere  chosen in  a s im ila r  m anner to those  
of s e t  A, but allow ing fo r the sligh tly  g re a te r  s te r ic  s tra in  in  
the NN(7-8) and NC(8-9) than in  the CN(6-7) bonds. Thus
^ ( 8 )  ~ ^b(l7) " ^C = 0(l6 -17) "  ^ ^CN(6-7) ^
^ N (7 -8 } ~  ^NC(8-9) " ^“ ^ ^ C ( 8 - 1 6 )  ~
The re su lts  of th is p re lim in a ry  investigation , l is te d  in  Table 12,
show that the e sse n tia l assum ptions of the assig n m en t of the
e. s . r .  spec tru m  to the PAPN ra d ic a l a r e  justified . Even for
122.
th ese  a rb itr a r i ly  chosen p a ra m e te rs  the p red ic ted  proton 
hyperfine coupling constan ts a r e  in  the c o r re c t  o rd e r  of 
m agnitude, th e re  being low spin density  a t  positions w here 
no sp litting  is  reso lved . A lso, for both se ts  A and B the 
p(7)  value is  g re a te r  than tha t foryO(3) as req u ired , but i t  
was noted Üxat while s e t  A p red ic ts /> (8 ) > 0  , s e t  B gives 
p (8) < O .
123.
TABLE 12
M cLachlan Spin D ensities fo r (N -Phenylacetam ido)phenylnitroxide
P re lim in a ry  C alculation 
yo(calc, )
a)P osition  . , o(exp. )
Set A ^  Set B ^
1, 5 ,0833 ,1084 . 113 (m ean value)
2 ,4 -.0279 -.0391 .038
3 ,0809 .1251 .110
6 -.0179 -.0057
7 .5599 .2428
8 ,1886 -.0377
9 -, 0646 .0005
10, 14 .0033 -, 0058
11, 13 -.0224 -. 0026 <•005
12 -.0309 -.0043
15 .1849 .4695
16 .0004 .0759 <•005
17 .0261 .0123
a) F o r key to position  num bers, see  p. 120.
b) F o r p a ra m e te r  va lues, see  tex t  p. 121,
124.
T hese p re lim in a ry  re su lts  showed that the d is tribu tion  of
unpaired  e lec tro n  spin density  could be p red ic ted  by this type
of calculation . Those values of h and k which had beenX xy
estim ated  from  the m o lecu la r m odels w ere sy stem atica lly  
v a r ie d  and the following am ended se ts  of p a ra m e te rs  w ere 
produced.
Set_^. - X = 1.1, “ ^ ( 8 )  ^ ^0(15) "
\>(17) ^ ^NO(7-15) " ^CN(6-7) ’^^ NN(7-8)
^ '^0 (8 -9 ) " ^V c(8-16) ^0= 0(16-17) "
^ ^ ( 7 )  ~^*N(8) 43(15) “ ®’^^ '4> (17)^^‘° '
^NO(7-15) ~ ^'^CN(6-7) “ ^NN(7-8) ” ^NC(8-9) “
\ tC(8-16) “ ^“ '^^'^0=0(16-17) ~
The re su lts  using th ese  values, lis te d  in  Table 13, show
b e tte r  ag reem en t than die f i r s t  p re lim in a ry  guess, in that both
se ts  p red ic t, not only low er spin densities on positions 10-14
and 16, but a lso  the c o r re c t  m agnitude and ra tio s  fo r the o,m ,
and g^-protons of the m ain  phenyl ring.
Set A Set B experim enta l
/)(p a ra )  ^ (o r th o )  1.02 1,11 0.98
y o (m e ta )^ (o rth o ,p a ra  0.32 0.38 0.34
m ean  value)
125.
These ra tio s  w ere im proved  s till  fu rth e r  by a sy stem atic
v a ria tio n  of al?. the p a ra m e te rs ,  from  which i t  was found tha t
a value of 1.2, while unsu itab le  for PNO and DPNO, was
m o st sa tis fac to ry  fo r PAPN. A fu rth e r soph istica tion  was
provided  by the inclusion  of an additional Coulomb p a ra m e te r
of approx im ately  -0.05 to position  No. 1. In th is way the spin
density  on the a ry l ring  was re d is tr ib u ted , reproducing  the
non-equivalence of the g -p ro tons, in a s im ila r  m anner to that
135found by F raen k e l fo r the acetophenone anion.
As a re s u lt  of these  re finem en ts, tlie following se t C was 
chosen, and the re su lts  shown in Table 13 obtained.
- X= 1.0. = i-5. 4^(15) = = I'O.
^C (l) ~ J '^o{?-15) ^ ^'cN(6-7) "
^ C ( 8 - 9 )  ~ ^"TSIC(8-i6) ®’“ '^^C =0(16-17) "
The re su lts  of tlie se  calcu lations a re  ana lysed  in  m o re  
de ta il in  the D iscussion  la te r  in  th is d iesis .
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T A B L E  13
M cL ach la n  Spin D e n s itie s  fo r  (N - P h  eny la  c e ta m i do ) ph eny ln i tro x id e
Using op tim ised  P a ra m e te rs  
yo(calc. )
P ositio n a)
Set A b) Set B b) Set C b) />{exp. )
1 .1145 .1072 .1098 ,110
2 -.0367 -. 0418 -.0365 .038
3 .1117 .1194 .1099 .110
4 -.0367 -.0418 -.0387 ,038
5 .1145 .1072 .1152 .115
6 -.0251 -. 0148 -.0383
7 .5030 .2555 .3242
8 .1580 -.0330 .0451
9 .0448 - .0 0 1 6 -.0053
10, 14 .0055 —. 0046 . 0044
11, 13 -.0161 -.0017 -.0037 < 005
12 -.0155 -.0045 .0036
15 .1396 ,5284 .3991
16 .0055 .0292 .0042 <•005
17 .0331 .0033 .0063
a) F o r key to position  num bers, see  p, 120.
b) F o r p a ra m e te r  v a lues, see  tex t pp. 124 and 125.
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II CNDO SELF-CONSISTENT FIELD THEORY CALCULATIONS
a) In tro  ductiozi
One of the b as ic  assum ptions of the s im p le  Hiickel and 
57M cLachlan th eo ries  is  the neg lec t of the e lec trons in  the 
-fram ew ork . Although th ese  T T -e lec tron  calcu la tions give 
sa tis fac to ry  es tim a tes  of the spin density  d is tribu tion  fo r m any 
T f  -ra d ic a ls , they cannot be u sed  fo r c r - ra d ic a ls  such as 
phenyl (18), vinyl (19) and im inoxy rad ica ls  (20).
H H R  R
« «C. N/  /H O
(18) (19) (20)
R ecen t advances in  com puter technology have allow ed
m o re  soph is tica ted  calcu la tions to be perfo rm ed . The 
re su lta n t extension of m o lecu la r o rb ita l theory  to include a ll 
valence e lec tro n s , but neglecting the in n er sh e lls , has taken two 
fo rm s.
The f i r s t  of tîiese  is  the extended Hiickel theory  (EHT),
136 137developed by M ulliken and by Hoffmann, b ased  on an
independent e lec tro n  m odel neglecting e le c tro n -e le c tro n  Coulomb
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repu lsion . T hese calcu la tions give a reaso n ab le  account of
138o^'-radicals and have been us ed by Drago et al, to ca lcu la te
spin  densities fo r im inoxy rad ica ls  with notable su ccess .
The second m ethod is  the approxim ate se lf-co n s is te n t fie ld
139 — 1*^ 2(SCF) theory  developed by Pople, which, as i t  depends
on the inclusion  of som e in te r -e le c tro n  repu lsion  te rm s  can be 
re g a rd ed  as one step  m o re  soph istica ted  tlian the independent 
e lec tro n  m odel.
The SCF p ro ced u re  s ta r ts  with a s e t  of m o lecu la r o rb ita ls , 
which a re  expanded in  te rm s  of the valence shell atom ic 
o rb ita ls , and to which the e lec trons a re  a ss ig n ed  in  the usual 
Aufbau m anner. E nergy m in im isa tion  with re sp e c t to e lec tro n ic  
repu lsion  fo r the sing le  configuration an tisy m m etric  wave function 
leads to a new se t of o rb ita ls . The e lec trons a re  assig n ed  to 
these  and tlie p ro c ess  re p ea ted  until se lf-co n sis ten cy  reached . 
F o r  c lo sed -sh e ll sp ec ies  the s tandard  SCF tlieory gives 
doubly occupied o rb ita ls . However, fo r ra d ic a ls  the d iffe ren t 
exchange in te rac tio n s  of the a and p spins is  b e s t tre a te d  
using the U n re s tr ic ted  H a rtre e -F o c k  (UHF) theory , which 
re su lts  in  d iffe ren t singly  occupied  o rb ita ls  fo r the a and (3 spins. 
The m a jo r approxim ations in P o p le 's  m ethod involves the
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extent to which the le s s  im portan t e lec tron  repu lsion  in teg ra ls  
a re  neglected. O ne-electron  in teg ra ls  a re  evaluated with 
re fe re n c e  to experim en ta l data, while e lec tro n  repu lsion  
in teg ra ls  a r e  neg lec ted  fo r a ll overlap  charge d is trib u tio n s , 
leaving only a lim ited  num ber of Coulomb repu lsion  te rm s  to 
be calcu lated . Thus fo r com plete neg lec t of d iffe ren tia l 
o verlap  (ON DO) the te rm s  of the fo rm  (l)  ^ ^ ( l )  of d ifferen t 
atom ic o rb ita ls  and a r e  neglected  in  a ll e lec tron  
in te rac tio n  in teg ra ls .
The CNDO approxim ation  has been used  by A tlierton and 
143H inchliffe in  th e ir  u n re s tr ic te d  K a rtre e -F o c k  calcu la tions 
on a num ber of ^ - ra d ic a ls , though they did not include any 
n itrogen  containing spec ies .
CNDO calcu lations a r e  unsuitable fo r the d ire c t ca lcu la tion  
of the coupling constan ts of -ra d ica ls , as  in h eren t in  the 
approxim ation  is  neg lec t of the very  o n e -cen tre  atom ic 
exchange in teg ra ls  on which the spin density  a t  the nucleii of 
the sy stem  depends.
I t  was the pu rpose  of th is exam ination to es tab lish  w hether
139tîie CNDO m ethod of Pople is capable of p red ic ting  w hether 
a ra d ic a l w ill be o r IT , and whetJier i t  can be u sed  for
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estim ating  the  sp in  d en sities , and hence hyperfin© coupling 
constants of cf-rad ica ls ,
b) C om puter P ro g ram m e
The calcu la tions w ere  p e rfo rm ed  on an IBM 360/44
139com puter, using a p ro g ram m e, w ritten  by Segal in  FortranX V  
fo r an IBM 7090, ob tained  through the Quantum  C hem istry  
P ro g ra m  Exchange, and m odified fo r the 360 s e r ie s  by 
Dr. C. Thomson, The input data fo r the  calcu la tion  con sis ts  
of the geom etry  of the rad ica l, specified  as the atom ic num bers 
and c a r te s ia n  coord inates of the atom s, and the m ultip lic ity  
of the s ta te . The output includes the in te ra to m ic  d istances 
and m a tr ic e s  desc rib ing  overlap , SC F  eigenvalues and 
eigenvectors, and bond o rd e r , th e re  being se p a ra te  lis tin g s  
fo r the a and p e lec tro n s fo r an open -sh e ll sy stem .
The spin density  fo r a  given o rb ita l can be ca lcu la ted  fro m  
the bond o rd e r  m a tr ic e s  fo r the a and p e lec tro n s by use of the 
ex p ressio n
/ )  = P(c) - P(P)
w here P(c) and P(P) a r e  the diagonal elem ents of th ese  m a tr ic e s , 
re p re sen tin g  the p robab ility  density  of the e lec tro n  in tha t 
a tom ic o rb ita l.
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A lso included in  the output is the e lec tro n ic  energy a f te r  
each se lf-c o n s is te n t fie ld  ite ra tio n , and the to ta l energy.
c) V aria tion  of R ad ica l G eom etry to F ind  the M inimum E nergy
T here  follow  deta ils  of calcu lations p e rfo rm ed  on a num ber 
of ra d ic a ls , fo r each of which the geom etry  was v a rie d  to give 
a m inim um  to ta l energy.
The genera l p ro ced u re  was to s ta r t  v/ith an  es tim ate  of the 
bond angles and lengths based, e ith er on X -ray  stud ies of 
re la te d  m olecu les, o r  on tlie values l is te d  by Pople. These 
w ere then v a r ie d  sy s tem atica lly  to find the a rran g em en t 
corresponding  to m inim um  to ta l energy. F ro m  th is op tim ised  
geom etry  the sp in  densities  fo r  each o rb ita l w ere calcu lated , 
and a r e  l is te d  in  Tables 14-22. All bond lengths a r e  quoted in 
A ngstrom s, and, un less o therw ise  sta ted , the ra d ic a l is a ssu m ed  
to be p lanar.
(i)
As a f i r s t  approadm ation the bond lengths and angles 
sxxggested by Pople w ere u sed ; N -O  = 1,36, N -H  = 1.01 
and ONH (sp ) = 120°.
AThe N -O  bond length  and the angle ONH w ere the v a r ie d  to 
find the m inim um  energy  and the following o p tim ised  geom etry
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obtained: N -O  = 1.24, N -H  = 1.01 and ONH = 120°.
The spin densities  a r e  lis te d  in  Table 14 (p. 137).
(ii)
F i r s t  approxim ation: C -N -1.05, C -H  = 1,08 and
NCH (sp^) = 120°.
O ptim ised  geom etry : C-N = 1.26, C -H  ~ 1.11 and NCH = 122^.
Spin density  d is tribu tion : Table 14 (p. 137).
(iii) HC-O
F i r s t  appi’Oidmation: C -O  1.22, C -H  = 1,08 and
OCH (sp^) = 120°.
oO ptim ised geom etry : C -O  = 1.22, C -H  = 1.11 and OCH -130  .
Spin density  d istribu tion : Table 14 (p. 137).
(iv) H^C=CH
F i r s t  approsdm ation: C-C  = 1.34, G-H -  1,08,
CCH (sp ) = a - 120^ and HCC (sp^) = p = 120^, The ra tio s  of 
the ca lcu la ted  sp in  d ensities  w ere  found to be v ery  sen sitiv e  to 
tlie v a ria tio n  of the angle a, while the to ta l energy was not. 
T h ere fo re  the geom etry  se lec te d  was that which b e s t fitted  the 
ra tio s  of the o b se rv ed  hyperfine coupling constan ts: C-C  = 1,29,
C -H  = 1.08, a = 145° and p = 120°.
Spin density  d istribu tion : Table 14 (p. 1^7 )*
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The following values fo r bond lengths and angles w ere u sed  
without varia tion : C -C  -  1.40, C -R  = 1.08 and CCC =CCH = 120^,
The spin  density  d is trib u tio n  is  l is te d  in  Table 15 (p. 138 ).
(vi) H^NC=0
F i r s t  approxim ation: C -O  » 1,22, C-N = 1.40, N -H  = 1.01,
OCN -  130^ (by com parison  with OCH of form yl) and 
HNC (sp^) = 120^.
O ptim ised geom etry : C-O  ” 1.25, C-N = 1,34, N -H  -  1.01,
OCN = 134° and HNC = 122°.
Spin density  d is tribu tion : Table 15 (p. 138).
(vii) H C=NO'
F i r s t  approxim ation: N -O  -  1.41, C -N  -  1.32, C -H  = 1.08,
CNO (sp^) = a = 120° and  HCN (sp^) = p = 120°.
O ptim ised  geom etry : N -O  « 1.25, C-N = 1.30, C -H  = 1.08,
a = p = 120^.
Spin density  d is tribu tion : Table 16 (p. 139  ).
(viii) HN=NQ.
F i r s t  approxim ation: N -O  = 1.41, N-N = 1.25, N -H  = 0.99,
NNO (sp ) = a = 120°  and HNN (sp^) = p = 120°.
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O ptim ised  geom etry : T h ere  w ere  two configurations of
s im ila r  energy corresponding  to the tran s  and cis^ieom ers#
T ran s: N -O  = 1.24, N-N = 1.25, N -H  = 0 .99 , a = 110° and
P = 115°. Cig: N -O  = 1.22, N-N = 1.25, N -H  = 0.99, a = 240° 
and p -  120^. The sp in  densities fo r both iso m e rs  a re  given 
in  Table l6  (p. 139 ).
(ix) PhNO"
F o r  the f i r s t  approxim ation  the bond lengths and angles
144re p o rte d  by W ebster" w ere used  fo r the n itro so  group, while 
the phenyl ring  values w ere  as fo r N-O  = 1.24, C-N “ 1.23,
CON = 120^ and CNO ~ c = 125^. The bond lengths w ere  kep t 
constant, but the angle a and the tw ist betw een the NO group and 
the phenyl ring  w ere  v a ried , and the following values found fo r 
m inim um  energy: c -  125° and tw ist = 5°. The spin density
d istribu tion  is  l is te d  in  Table 17 (p. 140 ),
(x) PMNO'^
The in itia l approxim ation  used  the sam e geom etry  as fo r 
PhNO . The bond lengths and angles of the n itro so  group and 
the angle of tw ist w ere v aried , and the following values found fo r 
m inim um  energy; N -O  = 1.20, C-N = 1.33, a = 125° and tw is t =5°. 
The spin  density  d is tribu tion  is  shown in  Table 18 (p. 141 ).
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(3d) PhCH-NO-
F i r s t  approxim ation: the bond lengths and angles found
fo r the :NO' ra d ic a l w ere used , together with the s tan d a rd  
values fo r the phenyl ring; N -O  = 1.25, C-N ~ 1.30, C -H  = 1.08, 
C-C  = 1.46, CNO = a = 120° and CCN = p = 120°.
O ptim ised  geom etry : th e re  w ere two configurations of
s im ila r  energy, corresponding  to the syn and a n ti- iso m e r s.
A lso the angle of tw ist betw een the phenyl ring  and the im inoxy 
group was v a r ie d  betw een 0° and 90°, the p lan ar a rran g em en t 
being the m o st s tab le  fo r both iso m ers . Syn: N -O  = 1,25,
C-N = 1.30, C-C ~ 1,46, Ü = 120°, p = 120° and tw ist = 0°.
A nti; N -O  = 1.25, C-N = 1.30, C-C = 1.46, a = 240°, p = 125° 
and tw ist = 0°. The spin  densities a r e  l is te d  in  Tables 19 
and 20 (pp. 142 and 143),
F o r this spec ies  and the phenyldiazotate ra d ic a l which 
follow s, the p ro g re ss  of tlie ite ra tiv e  phase of the calcu lation  
to se lf-co n sis ten cy  was found to be e r ra tic , and in  som e cases 
no e lec tro n ic  energy m inim um  could be attained. This 
phenomenon has been found fo r o ther rad ica ls  and has been 
a ttr ib u ted  to the m ath em atica l fa ilu re  of the m a tr ix  d iagonalisation  
rou tine  of the p ro g ram m e to cope with som e open -sh e ll sy s tem s.
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In view  of th is an a c c u ra te  op tim isation  of tlie geom etries  of 
both th ese  types of ra d ic a ls  was not possib le .
(xii) PhN^NQ*
F i r s t  approxim ation: the bond lengths and angles used
2w ere b ased  on those found fo r HN:NO; but with the sp hy b rid  
angle of 120° and the s tan d ard  values fo r the phenyl ring:
N -O  = 1,24, N-N = 1.25, C-N = 1.40, NNO = o = 120° and 
CNN = p = 120°.
O ptim ised geom etry : the two configurations, corresponding
to the tran s  and ci s-i  a o rnera, had s im ila r  to ta l energy.
T rans ; N -O  = 1.24, N -N  = 1.25, C-N = 1.38, o = p = 120° 
and tw is t = 0°. C is: N -O  = 1.24, N-N =1.25, C-N = 1.38,
o = 240 , p = 120° and tw ist = 0°. The spin  densities  fo r both 
iso m e rs  a r e  given  in  T ables 21 and 22 (p p 444an d  145).
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TABLE 14
Radical
Is
Orbital 
Z& 3p 2py
O 0 0 0 ,7382
N - 0 0 0 .2618
H 0 *■ - - -
N - .0002 -.0023 .8422 0
G *.0210 -.0178 -.0782 0
H .1385 * — - -
HC«0 O - -.0004 .0220 .3608 0
c - ,1243 .0538 .2621 0
H .1775 - - - -
C(1) .0724 .2959 .4138 0
C(2) "" -.0154 -.0348 -.0227 0
H(3) .0971 - — - -
H{4) .1661 - - - -
H(5) .0375 — - -
H10
12 ,
14
l a 11
10
12,
14
TABLE 15
CNDO Spin D ensities
R a d ic a l O rb ita l
• la 2s 2pK 2Py
C (l) ». .1480 .6462 -.0076 0
C(2) - .0009 .0138 .0009 0
C(3) - .0086 .0330 -.0028 0
C(4) — -* 0006 -.0026 -. 0007 0
' H(7) ,0380 - - - -
H(8) ,0127 - - — “
H(9) 4 0064 - - - -
H NC=0 O - -.0121 .1001 .3908 0
C - .1138 -, 0084 .2927 0
N - .0251 .0379 -.0186 0
H{4) ,0650 - - — -
H(5) .0048
139. 
TABLE 16
R ad ical
CNDO Spin D ensities
O rb ita l 
Is 2s 2p ' 4 2p
H C=NO' O - - . 0003 .0033 .8491 0
N - .0189 .0097 .0716 0
C » .0124 ,0092 . 0202 0
H(4) -.0002 - - - -
H(5) .0061 - - - -
HN=NO* O - .0002 -.0013 .8753 0
(traam)) N(2) - .0185 -.0045 .0421 0
N(3) “ .0023 .0053 .0530 0
H .0004 - “ - —
HN=NO' O - . 0005 .6977 .1479 .0001
(c is ) N(2) - .0212 .0758 -.0102 0
N(3) - .0075 .0013 .0500 0
H .0091 - «t
TABLE 17
CDNO Spin D ensities
R ad ical O rb ital
PliNO
iQ 2s 2p
o - 0 .0001 .0079 .5997
N — 0 0 .0029 .1142
C(3) — 0 0 -.0001 .0290
C(4) .0001 .0001 .0001 .1062
C(5) - 0 0 0 -.0562
C(6) * 0 0 0 .1435
C(7) - 0 0 0 -.0546
C(8) - 0 0 .0001 .1070
H(9) 0 - - — -
H(10) 0 - - - -
H (ll) 0 - - - -
H(12) 0 - - - -
H(13) -.0001 - - — —
TABLE 18
R adical
CNDO Spin D ensities 
O rb ita l
Is 2s
o - -.0005 .4636 .3026 .0018
N — .0160 .0610 .0948 .0009
C{3) ** .0048 .0418 -.0005 0
C(4) — -.0003 -.0001 -.0008 .0001
C(5) - .0003 .0014 0 -. 0001
C(6) - ,0001 0 .0001 .0002
C(7) - 0 .0013 -.0005 -.0001
C(8) - .0002 .0019 .0058 .0001
H(9) ,0025 - - — -
H(10) .0001 - - - -
H(n) .0001 - - - -
H(12) .0021 - - - -
H(13) -.0005 • - -
PhNO
142.
T A B LE 19
CNDO Spin D ensities
R ad ical O rb ita l
Is Zb %
PhCH=NO- 
t \ o(syn)
N
0002 .0027 .8528 0
.0187 .0082 .0 6 6 8 .0001
C(3) .0120 .0107 .0200 0
C(4) •* -.0002 .0005 -.0200 0
C(5) - .0004 .0002 .0004 0
C(6) - .0001 ,0002 0 0
C(7) * 0 0 0 0
C(8) p. 0 0 -. 0001 0
C(9) - 0 0 . .0002 0
H(10) 0 - - - -
H (ll) .0001 - - - -
H(12) 0 — - - -
H(13) 0 - - — -
H(14) .0001 - - - -
H(15) .0065 - - - —
R ad ical
143.
TABLE 20 
CNDO Spin D ensities
O rb ita l
Is 2s 2py
o 0 . 7434 .0858 -.ooc
N - .0101 .0936 -.0058 0
C(3) — .0077 .0127 .0223 0
C(4) - .0004 .0038 -.0004 0
C(5) - .0009 .0008 ,0014 0
C(6) - 0 .0003 -.0002 0
C(7) - .0001 0001 .0005 0
C(8) * .0006 .0017 -.0002 0
C(9) - .0021 .0026 .0092 0
H(10) 0 — - - -
H (U ) .0005 - - - -
H(12) .0005 - - -
H(13) .0003 - - - -
H(14) 0027 - - -
H(15) -.0003 - » Mh mt
PhCH-NO- 
(anti)
R a d ic a l
PhN=KO^
(tran s)
144.
T A B L E  21
CNDO Spin D ensities 
O rb ita l
la 3s 3p 2Py 2pa
o «,0008 .0109 .8157 0
N(2) - .0234 .0175 .0627 0
N(3) - «,0048 .0009 .0733 .0001
C{4) - «.0003 «, 0008 «.0007 0
C{5) - .0006 .0005 ,0007 0
C(6) — .0001 0 0 0
C(7) - 0 «.0001 0 0
C(8) " 0 -.0001 0 0
C(9) ** .0003 .0002 .0013 0
H(10) «.0001 « - « «
H (ll) .0003 « « « «
H (U ) 0 ** - « «
H(13) .0003 « « « «
H(14) .0001 « - •M -
145.
T A B L E  22
CNDO Spin D ensities
R ad ical
Is
O rb ita l
2p 2pz
PhN=NO"
(c is )
o — .0025 .7021 .1159 .0001
N(2) - .0166 .0629 -.0103 0
N{3) « .0042 .0123 .0321 -.0001
C(4) - 0 ,0036 -.0007 0
C(5) « .0014 .0013 ,0021 0
C(6) « 0 .0003 -.0001 0
C{7) « .0005 -.0002 .0013 0
C(8) - .0016 .0056 -.0007 0
C(9) « .0077 .0092 .0271 0
H(10) 0 « - - -
H ( ll) .0007 - - - -
H(12) .0015 - - - -
H(13) .0011 - - - -
H(14) .0017 — m *► ..
146.
d) C alcu latjpn  of Coupling; C onstants,
The hyper fine coupling constants found fo r the <f-radicals 
a r e  l is te d  in  Tables 33-25 (pp. 148 - 150). They w ere 
ca lcu la ted  fro m  the atom ic o rb ita l spin d ensities  as follows.
The a^^ values w ere com puted from  tlie re la tio n sh ip
w hereyo^ is the spin  density  in  the Is  o rb ita l of tîie hydrogen
and Q- is  a  scaling  p a ra m e te r . Using the sam e form ula fo r
calculations involving the CNDO approxim ation, A therton  and 
143Hincliliffe e s tim ated  the value of Ct to be 508 gauss. In 
view  of tlie s im ila r ity  of th e ir calculations to die ones re p o rted  
here , i t  was decided to use th e ir value of jQ, and not to a ttem p t 
a se p a ra te  e s tim ate  with the lim ited  num ber of rad ica ls  studied.
The values w ere ca lcu la ted  from  the re la tio n
/ ’Zp /^2p )' em p irica l
constan ts A and B a re  scaling  fa c to rs , A rep resen tin g  the 
d ire c t F e rm i contact te rm , and B rep resen tin g  an additional 
spin  p o la risa tio n  te rm  fo r the e lec trons in  Is  and 2s o rb ita ls  
by unpaired  e lec trons in  the n itrogen  2p o rb ita ls . B was 
evaluated from  the calcu la tion  on m ethyleneim ino (H^C:N*),
147,
the unpaired  e lec tro n  being p laced  in  an o rb ita l containing
neglig ib le N . spin  density  fo r sym m etry  reaso n s . Hence,
fo r th is ra d ic a l die equation sim plifies to one unknown, and
using the n itrogen  coupling constant m easu red  by C ochran 
102et. a l . , we find B = 13.6 gauss. Then using th is ca lcu la ted
value of B, and the experim en ta l value fo r  the n itrogen  coupling
95constant for sy n -benzaldo^dm e, tlie value of A was ca lcu la ted
as 1507 gauss.
T hese values of A and B com pare with tliose (12.01 and 1425) 
138found by Drago fo r h is extended Huckel calcu lations.
The re su lts  of th ese  CNDO calcu lations a r e  dea lt with in  
m o re  deta il in  the lE scussion  of th is th esis .
148. 
TABLE 23
C oupling  C o n s ta n ts  fo r  <5-R a d ic a ls
R adical a  (calc. )X R eference
H C=N- N 11,4 1 1 .4 ^ ) 102 b
H 70,4 87.4
HC=0 H 90,3 136 24, 102 c
H C=CH H(3) 49.3 34.0 24
H(4) 84.2 68,0
H(5) 19.0 16,0
H(7) 19.3 19.5 145
H(8) 6.5 6.5
H(9) 3.2
H NC=0 N 21.8 37.9 146
H(4) 30.8 33.0
H(5) 1.3 2,4
a) U sed to ca lcu la te  p a ra m e te r  B,
b) No sp litting  reso lved .
149.
TABLE 24 
Coupling C onstants for cf-Radicals
R a d ic a l a (c a le .)  a (exp-) R eferenceX X
H C=NO' N 29.6
1-1(4) 0.1
H(5) 3.1
HN=NO- N(2) 28.5
(tran s) N(3) 4, 3
H 0.2
HN=NO' N{2) 32.8
(cis) N(3) 12.0
H 4.6
PliNO"'’ N 27,2
H(9) 1.3
H(10) 0
H(1X) 0
H(12) 1.1
H(X3) 0.2
37.0
(l)a ^ = 3 .8
103
and ( l)  or(3)a = 1.3r i
150,
T A B LE 25
Coupling C onstants fo r PhC H ;N O and PhN;NO^
R a d ic a l a ( c a lc ,)
syn an u
a^j,(exp. )
syn an ti .
R eference
PhN=NO,
N 29.2 28.5
H(10) 0 0
H (ll) 0.0,.b 0.2
H(12) 0 0.2
H(13) 0 0.2
H(14) 0 .0 ,5 1.4
H(15) 3. 3 0.2
c)tra n s  ' cis
N(2.) 36.3 25.7
N{3) 6.2 6.9
H(10) o.o_5 0
H (ll) 0.1 0.4
H(12) 0 0.8
H(13) 0.1 0.6
H{14) 0 .0 ,5 0.9
29 .2^ ' 31.6 
. " I  1.4
26.9
1.4
6.4
95
a) Üsed to ca lcu la te  p a ra m e te r  A.
b) - re p re s e n ts  a sp litting  too sm all to be reso lved .
c) Oicygen tran s  to phenyl ring  - corresponding to sy n -benzaldoxirne.
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The continued in te re s t  in  the m echanism  of the decom position 
of acy la ry ln itro sam in es  in o rgan ic  so lvents has been d esc rib ed  
in  the In troduction  to th is th es is .
The hom olytic n a tu re  of the a ry la tion  p ro c e ss , with a 
f re e  phenyl ra d ic a l as re ac tiv e  in te rm ed ia te , was estab lish ed  
m o re  than th irty  y e a rs  ago. Since then the inclusion  of 
h e te ro ly tic  side  reac tio n s , the conception aid fina l re jec tio n  of 
the '‘cage" p ro c e ss , anom alous observational su c h .as th e  
apparen t p a rtic ip a tio n  of a rynes and the s t i l l  unsolved prob lem  
of the decom position in  halogenated solvents has led  to num erous 
additions and refinem en ts to the m echanism  origxially proposed.
1964 saw  the in troduction  of a new dim ension to the se a rc h  
fo r experim en ta l evidence: the observa tion  of an in tense ,
long-lived  e, s. r . signal during the decom position in benzene 
led  to co n troversy  about the identity  of the ra d ic a l involved, and 
thus to conflicting schem es fo r tixe m echanism .
The f i r s t  sec tion  of this D iscussion  deals with the schem es
52 56, 59 6 lproposed  by R iichardt '  ^ and by P e rk in s , " and then with
the evidence leading to an unambiguous assignm en t of the e. s. r .
signal.
SCHEM E 1
R ü c h a rd t 1964
Ph. N(NO).Ac ------- > Ph.N :N . CAc PhNV "" " *“’’*2 OAc
Initiation: Ph. N(NO). Ac + *"OAc------ > Ph. N:N. O" + A c O
Chain P ro c e ss :
PhN. Ph.N :N . O" f
Ph. N:N. O.N:N. Ph
Ph
PhH
■> AcOH
AcC 
Ph. N:N. OH
H P h ^ P hP h
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I ASSIGNMENT OF THE INTENSE LONG-LIVED E. S. R. 
SIGNAL. OBSERVED DURING THE DECOMPOSITION 
OEN-NITROSACETANILIDE IN BENZENE
52The m echanism  p roposed  by R üchard t and F reud en b erg  
in  1964 (Scheme 1) o v ercam e  two of the m a jo r objections to 
prev ious schem es. A cetic  ac id  is  fo rm ed , not v ia the unstab le  
acetoxy rad ica l, but fro m  the ace ta te  ion, and th e re  is  p re se n t 
a high s ta tio n ary  s ta te  concentration  ox phenyldiazotate 
ra d ic a ls  capable of ab s trac tin g  a hydrogen atom  from  the 
phenylcyclohexadienyl rad ica l, thus preventing  the fo rm ation  
of quaterphenyls and d ihydrob iary ls.
The e. s. r . signal, which they observed  when the decom » 
position  took p lace  in  the cavity of an e, s. r . sp ec tro m e te r, was 
c la im ed  as fu rth e r  support fo r th e ir  p roposed  m echanism .
The spec tru m  (Fig. Z) was analysed  and the hyper fine s tru c tu re  
found to be due to two n itrogen  and five hydrogen nucleii, and 
was thus assigned  to the phenyldiazotate rad ica l.
As a re s u lt  of Me Lachlan m o lecu lar o rb ita l calculations 
c a r r ie d  out on the "TT^electron sy stem  of the ra d ic a l the la rg e r  
of the two n itrogen  sp littings (11.6 gauss) was assig n ed  to 
position  3 and the sm a lle r  to position  Z.
However, fu rth e r  investigation  by the sam e group estab lished .
TABLE 26
8 9
TT -Radical
Atom aX
1966
/o (ex p .)
1967
aX /o(exp) /o(ca lc .)
1 .5442
Z +1.67 +11.61 -.0244
3 +11. 61 ± 1.67 .2179
4 .0264
5 -2.60 .110 -2.60 .110 .0944
6 0.89 -.038 0.89 -.038 -.0407
7 -2.73 .115 —2.60 .110 .1286
8 0.89 -.038 0.89 -.038 -.0407
9 -2.60 .110 -2.73 .115 .0944
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by iso top ic  labelling , tha t th is assignm en t should be re v e rse d ,
56 59The o rig in a l (1966) and am ended (1967) hyperfine coupling
constants and e^cperimental spin densities , together with the
M cLachlan spin  d en sities , a r e  lis te d  in  Table 26.
59R iichard t and B insch c a r r ie d  out fu r th e r  calcu lations
and found that no v a ria tio n  of the  resonance  and Coulomb
p a ra m e te rs , w ithin accep ted  lim its , could re v e r s e  the
m agnitudes of the n itrogen  spin  densities , The explanation
they put fo rw ard  depended on la rg e  contributions to the a ^
value fo r n itrogen  No. 2 fro m  spin density on the neighbouring
oxygen and n itrogen  No, 3 atom s. This was b ased  on an  ex-
147te n s io n  o f the K a rp lu s-F raen k e l theory , developed to 
13explain G hyperfine coupling constan ts, to f i t  th is d iaso ta te
\\ - ra d ic a l.
* <(2)0 + <(2)N(3))'>N(2)+°SjP)^«
■*' ^ (3 )N (2 )  /®N{3) 
% (3) "  ^ ■*'Sl(3)N(2) Sst(3)C(4)^'^N(3) ■‘■Sî(2)N(3)/®N(2)
C(4)N(3)'^C(4)
whereyO^ stands fo r the TT-electron spin density  a t  atom  x,
S is  the contribution  of the s e lec trons, and the Qs a r e  a m e a su re
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of the contributions due to sp in  p o la risa tio n  of the various 
<X-bonds, e. g . , ^ 0 ^ 2 ) the contribution  to the
unpaired  spin a t  the n itrogen  atom  No. 2 due to p o la risa tio n  of 
the N -O  bond by unit unpaired  sp in  a t  the oxygen atom . As a  
re s u lt  of the high positive  spin  densities on the oxygen and on
n itro g en  No. 3 the te rm e  and « ^ (3 Jn (2)/®n (3)
la rg e  negative contribu tions to the exp ression  fo r which
can then  be added to the f i r s t  te rm . Chi the o th e r hand the  
correspond ing  te rm s fo r  a r e  sm all and, m o reo v er,
counterbalance each o th er because  of the opposite  signs of the 
spin  densities/>j^^2 j s i n d A l t h o u g h  the n u m erica l va lues 
of the Q p a ra m e te rs  a re  not accu ra te ly  known, i t  is  c le a r  from  
the above reason ing  th a t the sign of a^^^^ m u st be negative.
F u r th e r  a rg u m en t a s  to w hether this was an accep tab le  
explanation was cu t sh o r t by C half ont and P e rk in s  
assig nm en t of the sp ec tru m  to a com pletely d iffe ren t ra d ic a l,
60A study of the scavenging of phenyl ra d ic a ls  by C -n itro so  
compounds led  P e rk in s  to suggest that the e. s. r . signal re p o rte d  
by R iichardt was in  fa c t the re s u lt  of a phenyl ra d ic a l adding a c ro s s  
the n itro so  group of N -n itrosoacetan ilide  to give the 
(N -phenylacetam ido)phenylnitroxide (PAPN) ra d ic a l 4. Independent 
generation  of an iden tica l spec tru m  by m ixing benzene solutions
SCH EM E 2
P e r k in s  1967
Ph. N(NO). Ac ---------- > Ph. N;N. OAc
Initiation: Ph.N :N . OAc -------> Ph# + N + -OAc
Chain P ro c e ss : 
Ph.N :N , OAc Ph-N -O H
P h -N -Ac
Ph-N -A c
•> P hP h
H Ph
L j  —
PhH 4AcOH Ph'
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of n itreso b en zen e  and N ~brom oacetanilide, and a lso  la ter^  ^ ^ 
by the oxidation o fN acety lhydrazobenzene by t-'butylhydro- 
perox ide p rov ided  strong  evidence fo r th is  new in te rp re ta tio n ,
P e rk in s  then p roceeded  to adapt R ü c h a r d t m echan ism  
to include the n itrox ide  (4) and not the d iaso ta te  (3) in  the 
chain p ro c ess . His schem e is  rep roduced  opposite.
The M cLachlan ca lcu la tions on ra d ic a l (4) a r e  d esc rib ed  
e lsew here  in  th is th es is  (pp. 120-126), Using se ts  of p a r a ­
m e te rs , which have been  w ell estab lished  fo r o th e r n itrox ides,
the two m ain  fe a tu re s  of P e rk in s ’ assignm en t a r e  bo rne  out.
15The N escperiments a lread y  c ited  s t i l l  re q u ire  the 
n itrogen  ad jacen t to the oxygen to have the la rg e r  coupling.
The calcu lations ind ica te  that the spin densities on the two 
n itrogen  atom s a re  in  a s im ila r  ra tio  to th e ir  o bserved  sp litting  
constan ts: so neighbouring atom  effects need no longer be the 
dom ina ting fac to r.
The second req u irem en t is  tha t the spin  density  on the 
N -phenylacetam ido ring  be low  enough fo r th e re  to be no 
m easu rab le  coupling with the ring  p ro tons. The ca lcu la ted  
sp in  densities fo r th ese  positions a re  sm a ll and give values 
< 0 ,1  gauss - le s s  than the linew idth of tlie spec trum .
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In addition to the p reced ing  argum ent, th e re  is the 
observa tion  tha t d iffe ren t e. s . r .  signals re s u l t  from  v a ria tio n  
of the acy l group of the in itia l n itro sam ide . T heîyperfine 
s tru c tu re  of the sp ec tru m  detected  during tîie decom position 
of N -n itro so fo rm an ilide  (Fig. 17) was m o re  com plex than th a t 
found fo r N -n itro soacetan ilide  (Fig. 2), th e re  being an ex tra  
doublet sp litting  of 3.12 gauss. In o rd e r  to te s t  w hether this 
was due to coupling of the unpaired  e lec tro n  with the pro ton  
of the fo rm yl g roup ,N -n itroso fo rm an ilid e -1 -d  was sy n thesised  
and the e. s. r .  sp e c tra  observed  during its  decom position 
studied. C om parison  of F ig , 18 with F ig . 23 shows that the 
doublet (a^j = 3.12 gauss) has been rep laced  by a 1:1:1 tr ip le t  
(a ^  = 0.48 gauss). This is  in  accordance with the change of 
nu clea r spin  from  1/2 to 1 and the ra tio  of 6.5 fo r the n u c lea r 
g -fa c to rs  fo r the pro ton  and the deuteron. T h erefo re  the 
p re se n ce  of the acyl group in  the rad ica l is  f irm ly  estab lished .
Thus th e re  seem s l i t t le  doubt that P e rk in s  is  c o r re c t in  
his ass ig n m en t of the in ten se  long-lived  e. s. r .  signal, 
observed  during the decom position of N -n itro soacetan ilide  in  
benzene, to the PAPN rad ica l.
TA B LE 27
and  V alu es (in  g a u ss )  f o r  N itro x id e s  RR*NO
R adical
R R: 3% % , p-H ^m~H R efe ren ce
Ph NPhAc 11.6 2.7 0.9 *
Ph H 9.1 3.0 1.0 148
Ph P h 10.9 2.0 0.8 77, 122
Ph B u ' 13.4 1.9 0.8 91
Bu^ B u '
c m -  CH./  Ct c
15.4 90
Ph O-CH 1 
'^O -  CH^
15.1 3.1 1.1 149
tBu OBu^ 28.0 - - 89
* This work
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XI THE (N -ARYL.ACBTAMlPO)ARYLNITROXIDE RADICAL
A r -N **0*
IAx* »N “Ac
The prev ious d iscu ssio n  dea lt witli the evidence that 
e s tab lish ed  {N -phenylacetam ido)phenylnitroxide as tlie ra d ic a l 
re sp o n sib le  fo r the e. s. r . signal. This sec tion  of tlxe 
investiga tion  shows th a t i t  is  a typical nitro^dde by considering  
the effects on its  e. s . r , spec tru m  caused  by v a ria tio n  of the 
solvent, acy l and a ry l g roups, and by exam ining the re su lts  
of the M cLacM an m o lecu la r o rb ita l calcu la tions p e rfo rm ed  oh 
this and  re la te d  sp ec ie s .
a) The Sige of the H yperfine Coupling C onstants
The m agnitude of the coupling of the u npaired  e lec tro n  with 
tlie various m agnetic  nucle ii in the ra d ic a l gives a c lea r 
ind ication  of its  dé loca lisa tion  throughout the TT ^ system . That 
PAPN is a typ ical n itrox ide  can be seen  from  Table 27, which 
com pares its  a ^  and phenyl ring  a ^  values witli those of o th er 
w ell-e s tab lish ed  ra d ic a ls  of this c la ss .
The re la tiv e  s iz e s  of the a ^  and ring  a ^  values fo r 
n itrox ides depend on the extent to which the sp in  density  is  
de lo ca lised  fro m  the NO group throughout the rad ica l. So the
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n ea r p lanar phenyln itrox ide (Ph-NH*0*) has sm a ll and 
la rg e  while the m o re  s te r ic a lly  îündered  t-bu ty lpheny l- 
n itrox ide has h igher and low er .
F ro m  the tab le  i t  can  a lso  be seen  th a t the p re se n ce  of an 
e lec tronegative  h e te roa tom  next to the n itrogen  in c re a se s  its
sp litting  constant. In view  of this the a ^  value fo r PAPN
m ight be expected  to be h igher than the 11.6 gauss reco rd ed  and 
fa ll betw een those of R 0-N (0*)-R  and R.^C-N(0* )-R  .
The explanation  lie s  in  the p re sen ce  of the acyl group
attached  to the second n itrogen . This w ill tend to déloca lisé
the lone p a ir  of e lec tro ns of the n itrogen , leaving a p a r tia l
positive  charge.
Ph-N -O - P h -N “0
Ph-N  -Ç -R Ph-N  =C -Ro 6"
The re s u lt  would be a  reduction  in  the im portance  of the 
re so n an ce  s tru c tu re  R ^ - O  by coulomb!c rep u ls io n  of like  
ch a rg es , and a co rrespond ing  reduction  in  the n itrogen  coupling 
constant.
Thus tlie values of a ^  and a ^  fo r PAPN a re  con sis ten t with 
those of a  TT -n itrox ide.
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b) V aria tion  of g -V alue and Linewidth with Solvent
The re m a rk ab le  changes in  in tensity  of the PAPN e. s. r.
signal with change of so lvent w ill be d iscu ssed  elsew here.
H ere the v aria tio n s  of a ^  and g-values w ill be com pared  with
those of o th er n itrox ides.
. - That the n itrogen  sp litting  constants of n itrox ide
and n itroan ion  ra d ic a ls  a r e  sen sitiv e  to v a ria tio n  of the
so lven t po la rity  has been o bserved  by a num ber of w orkers.
150Gendell, F re e d  and F rae n k e l suggested  tha t th is effect 
was due to a re d is tr ib u tio n  of the IT -e le c tro n  sp in  density  in  the 
N-O  bond, caused by tlie fo rm ation  of lo ca l com plexes betw een 
po lar solvents and p o la r groups in  the rad ica l, o r  of a  hydrogen 
bond betw een so lvent and rad ica l. In o ther w ords, m eso m eric  
s tru c tu re  (B) becom es m o re  im portan t in the resonance  of the 
N -O  bond, and the value in c re a se s .
R^N-O <------) rJ i-O’
(A) (B)
A num ber of so lvent p o la rity  p a ra m e te rs  have been used  fo r
com parative  p u rposes , a ll with a c e rta in  deg ree  of su ccess .
151Deguchi in  h is ea rly  work p lo tted  a__ v e rsu s  d ie le c tr ic  constant.
I6 l ,
91while L em aire , R a ssa t e t al. chose the Ko sow er Z
fa c to r /^ ^  and de B oer^^^ used  the R e ichard t value.^^^
. 153Deguclii, in a m o re  c r it ic a l  exam ination decided tha t 
th e re  m u st be a d istinc tion  betw een the effects due to e le c tro ­
s ta tic  in te rac tio n  and those  due to hydrogen bonding.
F o r so lvents containing no OH o r NH groups he found a 
lin e a r  re la tio n sh ip  betw een coupling constant and dipole m om ent {A.
a ^  = constan t + constan t x \x 
This did not hold fo r alcohols and am ines, w here hydrogen 
bonding with tlie following s tru c tu re s  could take effect:
R^N-O *• ' •  H“0 — f" R ^ - O - H  O— R ^l^O  H - 0 -Ù 2 2
Thus, while the v a r ia tio n  of a ^  is  s t i l l  dependent on so lvent
po larity , the effect is  m uch g re a te r  when hydrogen bonding is
possib le .
The v a ria tio n  of the IT -e le c tro n  spin densities on the
n itrogen  and oxygen atom s was put on a  quan tita tive b as is  in
134independent th eo re tic a l stud ies by Ays cough and S argen t,
133and by Kikuchi and Someno, both groups using M cLachlan 
ca lcu la tions. By vary ing  the Coulomb in te g ra l p a ra m e te r  of 
the oxygen atom , they w ere ab le to achieve the re q u ired  
re d is tr ib u tio n  of spin density  in  the N -O  bond, thus im ita ting  the
TABLE 28
a._ Values fo r N itrox ides in  Alcohols N
Solvent DPNO
^  in 
PAPN
gauss
£ -B u*-PAPN
M ethanol 10,45 11.90 12.02
Ethanol 10.21 11.84 11.91
n -P ropano l 10.21 11.81 11.88
n -Butanol 10.22 11.86
n-P en tano l 10.18 11.86
t-B utanol 11.82
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effect of so lvent p o la rity  varia tion . C om parison  with the 
experim en ta l coupling constan ts then allow ed them  to estim ate  
som e of the cr -TT Q values.
Table 7 (p. 78) in  the E xperim en ta l sec tion  l is te d  the 
v a ria tio n  of and 5 g with so lvent p o larity  fo r a  s e r ie s  of 
alcohol so lvents, while the values fo r the PAPN ra d ic a ls , 
fo rm ed  fro m  N -n itrosoacetan ilide  and p^-t-butyl-N -nitroso- 
acetan ilide , a r e  com pared  with those fo r  diphenylnitroxide 
(DPNO) in  Table 28.
F ro m  the tab le  i t  can be seen  tha t the a ^  v a ria tio n  is 
s im ila r , but not notably sm a lle r  than tha t fo r DPNO.
Thus fo r DPNO: a^(MeOH) - = 0.27 gauss
while fo r PAPN: a^(M eOH) - ^OH) = 0 ,16  gauss.
This sligh t d ifference can again  be a ttrib u ted  to the p a r tia l 
positive  charge  on the second n itrogen. As b efo re  the im p ortance  
of the m eso m eric  fo rm  R^N-O is  reduced, and with i t  the 
likelihood of hydrogen bonding.
g -Value. - Solvent effects on the g -value of n itrox ides have 
been stud ied  by K aw am ura et a l . ^ ^ ' They found tliat fo r
DPNO and d i-t-b u ty ln itro jd d e  the g -value d ec rea se d  witli 
in c reas in g  so lvent po larity . The g -value is dependent, accord ing
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156to S tone's theory , on the unpaired  e lec tro n  on the  oxygen 
and the lone p a ir  on the n itrogen  of the n itrox ide. The m o re  
p o lar tlie so lvent is , tîie le s s  likely  a re  s tru c tu re s  containing 
th is n itrogen  lone p a ir  and unpaired  spin on the oxygen, and thus 
tlie low er becom es the g -value.
The g -values fo r the p -t-b u ty l PAPN ra d ic a l w ere 
m easu red  as  S g  with re fe re n c e  to the stan d ard  F re m y 's  s a lt  
s ignal fo r which g = 2.00550, and a re  l is te d  in  T able 7 on p. 78. 
Below K aw am ura 's S g  values fo r DPNO in m ethanol and 
ethanol a re  com pared  witli the corresponding  values fo r the 
PAPN signals.
DPNO; S g X 10^ = 4 in  MeOH and O in  EtOH
PAPN: = 27 24
£ -B u*-PAPN: = 32 29
While the g -values a r e  d ifferen t fo r the two types of 
n itrox ide, the changes in  g witli v a ria tio n  of so lvent a r e  v e ry  
s im ila r .
151Linew idths. - The so lvation  of n itrox ides by alcohols
a lso  has a no ticeab le  effect on the reso lu tion  of the hyperfine 
lines of th e ir  o. s. r .  sp ec tra . The re su ltan t reduction  in 
so lu te m otion causes changes in  the re lax a tio n  tim es, and the
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lines of the h igher m agnetic  fie ld  group becom e strongly  
broadened  com pared  with those of the low er one. This 
o bserva tion  leads to the determ ination  of the sign  of the
value, by u se  of the following expression  re la tin g  linew idth
to m agnetic  quantum  num ber:
- 1 ?(m) = A 4- Bm + Cm +
l7aThe linew idth theo ry  developed by K ivelson shows that 
B < 0 , assum ing  the po sitiv e  value f o r / ) ^  which th eo re tica l 
calcu lations indicate. Thus only when a ^ > 0  and  m = l and -1 
fo r the low and high fie ld  groups will the o b serv ed  linew idth 
effects take p lace. F ig. 6 shows that th is phenomenon is  
g re a te r  in  t-bu tano l than in  m etlianol, the h igher v isco sity  of 
the fo rm e r reducing ra d ic a l tum bling and thus in c reas in g  
an iso tropy .
c) V aria tion  of the p a ra  -Group
As the hyperfine sp litting  constan t is  re la te d  to the unpaired  
e lec tro n  densities , e. s. r . spectroscopy  o ffe rs  a  convenient 
m ethod of m easu rin g  substituen t effects. Since the H am m ett 
cr constan t is  in te rp re te d  as a  m easu re  of the substituen t effect 
on e lec tro n  d ensities  se v e ra l w orkers have com pared  v a ria tio n s  
in the a ^  value with changes in  a , The c r ite r io n  fo r determ ining
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w hether an  a ro m a tic  ra d ic a l w ill follow a  H am m ett re la tio n sh ip
157has been s ta ted  by W alter as follows. F o r a functional g roupF
(A) (B)
witli a  substituen t X, if the reso n an ce  s tru c tu re s  can be draw n
with an unpaired  e lec tro n  (A) and an unshared  p a ir  (B) on the
atom  p a ra  to the s ite  of substitu tion , then the sy stem  will
exhibit H am m ett behaviour. By this c r ite r io n  a ry ln itro x id es
should show a H am m ett re la tionsh ip .
91L em a ire  and R a ssa t considered  ary l* t-bu ty ln itrox ides
and successfu lly  p lo tted  v e rsu s  O', while S trom , Blulim
123 92band W einstein, and F isc h e r  and N eu g ebauer independently
exam ined tlie sam e re la tio n sh ip  fo r DPNO.
In Table 29 the la t te r  g roup 's  re su lts  a re  com pared  with
those found in  th is investiga tion  fo r p a r a -su b stitu ted
(N -ary lace tam ido )ary ln itrox ides . The p lo t of v e rsu s  cr is
shown in  F ig. 35 with the corresponding  le a s t  sq u ares  line. F ro m
this the a ^  value can be ex p ressed  in  te rm s  by the following
l66.
equation:
= 11,801 - 1,621 or (gauss) 
fo r which the s tan d a rd  deviation is  0.159 gauss. This is  
v ery  s im ila r  to the one F isc h e r  found fo r DPNO, once again  
em phasising the typ ical n itrox ide behaviour of PAPN.
a ^  = 9.655 - 1.602 cr (gauss)
S tandard deviation 0,103 gauss,
d) V aria tion  of the Acyl Group
One of the fe a tu re s  of the e. s. r . spec trum  of PAPN is 
the acciden ta l coincidence of hyperfine lines, re su ltin g  
fro m  som e of the sp litting  constants being m ultip les of o th e rs . 
While a lte ra tio n  of the p a ra  -su b stitu en t had l i t t le  effect 
on the appearance of the signal, changing the acyl group 
d estroyed  m uch of this p re c is e  overlap , giving r i s e  to m o re  
com plex sp ec tra .
Hammett p lo t  o f v ersus 
fo r  para-subs t i t u t e d  PAPH
0  OMe
M eO \ 12.0,.
Bu
NO
0.6 0.80 .2 0.4 1.0
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TA B L E  29
V ariation  of with p a ra  «Substituent fo r DPNO and PAPN
R
O COMe
R
:n gauss
DPNO/xylene PAPN / pyrid ine
MeO -.268 10,07 12.44
Me -.170 9.79 12.05
Btt^ -.151 11.88
H 0 9.66 11.77
CO^Et .4 5 8.89 11.04
NO^ .778 8.38 10.59
TABLE 30
Variation o i Coupling Constants with A cyl Group
R
PhH
&N(7)
pyridine
^N(8) others
H 11.65 11.76
D 11.65 a p  = 0.45
Me 11.62 11.77 1.7
Et 11.64 11.77 1.7
Pr^ 11.70 1.7
Ph - 12,08 1.4 a j j « 0 . 3
E-CLC^H^ - 12.07 1*4 ajj = 0.3
16
C
IHo 12
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Although ac cu ra te  m easu rem en t oi  a ll the sp litting  
constants was not possib le , som e sign ifican t changes a re  
c le a r  from  the re su lts  l is te d  in  Table 30. T hese v a ria tio n s
can be re la te d  to the tw ist around the — C a n d7 ii o V,
bonds, caused  by the d iffe ren t s te r ic  req u irem en ts  
of the acyl groups (COR).
(i) R =M e. - F o r the pro tons of a m etliyl group the 
hyperfine sp litting , a r is in g  from  hyperconjugative and 
exchange p o la risa tio n  effects, is  given by the re la tio n sh ip
%  " ®CCHj
w h e r e i s  the TT-electron sp in  density  a t  the carbon to
Hwhich the m ethyl group is  a ttached  and is  the Q p a ra -
m e te r , having values betw een 4*18 and +38 gauss.
As no sp litting  was o bserved  from  the m ethyl protons in
this case  th e re  m u st be low sp in  density  on the acyl carbon
atom  (No, 16), This s ituation  can be v isu a lised  if the acyl
group is  fo rced  out of the plane of the r e s t  of the rad ica l by
ro ta tion  around the N^-^ C , . bond. The M cLachlan calculations8 16
estim ate  the angle of the tw ist as 70^.
(ii) R=:Et and Pr^ . - F ig s . 24 and 25 show that the only 
v a ria tio n  o b serv ed  when R is  changed from  Me to E t and Pr^
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is  in  the in ten sity  of the com ponent lines. The in c re a se  in  
the s ia e  of the acy l group will tend, not only to fo rce  the group 
fu r th e r  out of the ra d ic a l plane, but also  to in c re a se  the tw ist 
around the — bond, thus causing s lig h t changes in  the two 
n itrogen  coupling constan ts.
(iii) R -P h , - The b as ic  p a tte rn  of each group of lines
is now quite d iffe ren t (Fig. 28). The acc iden ta l coincidence of
lines is  rem oved  by the reduction  of the second value from
1.7 to 1,4 gauss. This change, and the in c re a se  of the m a jo r
value from  11.77 to 12,08 gauss, can be ra tio n a lised  in
te rm s  of fu r th e r  tw isting  of the N — bond reducing the7 o
spin density  on and in c reas in g  tha t on N.^. A lso o bserved  
(Fig. 30) was an additional pro ton  coupling of 0.3 gauss: as
th is was a lso  p re se n t fo r R = p - C l b u t  not fo r the signal 
re su ltin g  fro m  the decom position of p -t-bu ty l-N »n itro so - 
benzanilide, i t  seem s reaso n ab le  to ass ig n  i t  to the pro ton  
a ttached  to in  the rad ica l.
(iv) R=H and D (F igs. 17, 18, 22 and 23). - M olecular 
m odels show th a t in s tead  of the acy l group being a lm o st 
com pletely  out of the ra d ic a l plane, as in  the case  of R=Me, 
the sy stem  can be a lm o st coplanar. A m e a su re  of the spin
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density , which is  now found on the acyl group can be com puted
from  the s ize  of the acy l p ro ton  coupling constant. Using
58 HM cConnell's equation, with a s tandard  Q___ value of
23.7 gauss;
/O = ~ ~ —  = 0.13123.7
Thus this cop lanarity  produces g re a te r  sp in  density  on the 
acyl group C^^atom  than on any of the a ry l ring  positions,
d) M cLachlan M olecular O rbital C alculations
The re su lts  of the McLaclxlan calcu la tions, d esc rib ed  in  the 
T h eo re tica l sec tion  ox th is th es is , p rovide fu rth e r  confirm ation  
of P e rk in s ' a ss ig n m en t of tlxe e. s. r . signal to the PAPN ■ 
TP-radical. Using p a ra m e te rs  that had been found sa tis fac to ry  
fo r the w ell estab lish ed  IT-nitroxides DPNC and PNC, the 
ag reem en t betw een the ca lcu la ted  and experim en ta l spin 
densities was good.
O15
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C alculations with the p a ra m e te rs  of both s e t  A and s e t  B 
p re d ic t g re a te r  sp in  density  on N(7) than on N(8), as im plied  
by the o b serv ed  coupling constan ts. However, while s e t A 
gives positive  values fo r both s ite s , se t B p red ic ts
and/>j (^g) <0.
Two observa tions can be m ade from  a  study of the line  width 
v a ria tio n s  within the PAPN signals. In every  case  tlie high 
fie ld  group lines a r e  b ro a d e r than those fo r low  field , im plying 
a positive  value fo r as  d iscu ssed  e a r l ie r  (p .l64). However,
only in  the PAPN type signal observed  during the decom position 
of N -n itroso fo rm an ilide  in  benzene can any in fo rm ation  about 
^N(S) deduced. F o r the low fie ld  group the lines on the low 
fie ld  side  a r e  b ro a d e r and le s s  re so lv ed  than those a t  h igher 
field . But as the sign o f c a n n o t  be determ ined  with 
ce rta in ty  from  the th eo re tic a l calculations the only conclusion 
that can be draw n is  thatyo^^^y ^ ( 8 )  ^
E xpressions re la tin g  the n itrogen  hyperfine coupling 
constants to the spin  d ensities  on that atom  and ite n e a re s t 
neighbours can be fo rm u la ted  by extending the K arplus » 
Frsenhel^^^ theory.
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^ rgN(7) N(7) N(7) N(7) ,
N(7)  ^ ’K {7)0 "N(7)C(6) S^(7)N(8)-'/^N(7)
^N(7) N(7) . „N(7)
^ON(7) / " o  ~C(6}N(7)'°C(6) N{8) N(7)/°N{8)
_ r ^ ( 8 )  . ^N (8) ^ ^N(8) ^ ^N(8) .
^ ( 8)C (16) ’^ N(8)C(9) N{8)N(7)^ ^N (8)
N(8) N{8) , «N(8)
fc(l6 )N (8)'^C (l6 ) C(9)N(8) ^C (9) S l{7)N {8)'% (7)
While low ca lcu la ted  sp in  densities on ce rta in  s ite s  in  the
ra d ic a l m ean  tha t som e of the te rm s in  the above equations can
be neglected , th e re  s t i l l  rem a in  too m any Q p a ra m e te rs  of
u n ce rta in  value fo r any conclusions to be draw n about the sign
of a^^g^ . F o r  exam ple, values of betw een -1 and -14
have been r e p o r t e d ^ f o r  nitroxides,- while fo r
estim a tes  betw een 49 and -4 have been use<^^^ and isTnN
even le s s  ce rta in .
G eom etry  of the PAPN ra d ic a l. - Exam ination of m o lecu la r 
m odels of the ra d ic a l shows quite c lea rly  that the sy stem  cannot 
be p lanar. While the tw ist around  the N^ bond is  v e ry  
s im ila r  to that in  DPNO,it is  le s s  s tra ig h tfo rw ard  to es tim a te  
the angles fo r N^*-  ^ and C , However, th ese  can be 
found from  the reso nance  p a ra m e te rs  u sed  in the M cLachlan
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calcu la tions. The following values w ere chosen from  s e t  G, 
as they gave the m o st sa tis fac to ry  account of the sp in  density  
d istribu tion .
^CN(6-7) “
Deguchi^^ ca lcu la ted  the tw ist of the C-N bonds of DPNO as
22.5^ A ssum ing the sam e angle fo r P A P N , the value of
fo r  a p lan ar sy stem  can be found from  the equation
cos © to be -  1,20. Then from  the sam e re la tio n sh ip
the tw ists around  the and C . . bonds a re0 9 8 16
approxim ately  60^ and 70^ respec tive ly .
The fa ilu re  to de tec t coupling constants fo r the pro tons of 
the second phenyl ring  and the acety l group, in  the e. s. r . 
signal of the PAPN rad ica l, can thus be explained by the non- 
p lan a rity  re su ltin g  fro m  the s te r ic  req u irem en ts  of the two 
groups.
i n  THE IDENTITY O F THE CHAIN CARRIER RADICAL 
Section I of th is D iscussion  dealt with the evidence which 
estab lish ed  the iden tity  of the in tense  e, s, r ,  signal o b serv ed  
during the decom position of N -n itro soacetan ilide  in  benzene.
As n e ith e r R üchard t nor P e rk in s  re p o rted  the u se  of any o ther
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so lvents, i t  was decided to exam ine tîae sp e c tra  obtained on 
rep lacing  benzene by o th e r a ro m a tic  hydrocarbons. Below 
a re  l is te d  the in ten sitie s  of the PAPN signal fo r the s e r ie s  of 
so lvents.
B enz ene intens e
Toluerxe weaic
Ethylbenzene v, weak
Cum ene nil
t  -“Butylb ens ene in tens e
Xylene v. vieak
M esity lene v. veak
The signal is  in ten se  only fo r benzene and t-buty lbenzene, 
while fo r solvents containing an  easily  a b s tra c ta b le  c-hydrogen 
atom  i t  is  weak o r  not detectable .
The s ta tio n ary  s ta te  concentration  of the rad ica l, on which 
the in tensity  of the signal depends, will be d e te rm ined  by the 
ra te s  of its  fo rm ation  and  rem oval.
To specify the ra te  of fo rm ation  of PAPN, tiae co u rses  open 
to the phenyl ra d ic a l m u st be considered . They a re :
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(i) A ddition a c ro s s  the n itro so  group of the n itro sam ide .
Ph* 4 N =0 Ph-N-O**
Ph-bl-Ac ’ Ph-JSr-Ac
(ii) Addition to the so lvent to give a phenylcyclohexadienyl 
rad ica l.
Ph* 4 A rH   j [PhArH]^
(iii) A b strac tio n  of an  a ro m a tic  hydrogen fro m  the solvent.
Ph*^  4 A rH   \ PhH 4 A r *
(iv) A bstrac tio n  of an o-hydrogen from  the s id e -ch a in  of the 
solvent.
Ph- 4 ArCHR_ — 4 PhH 4 ArCR_
On the o th e r hand, the d isappearance  of the ra d ic a l can 
be due to;
(v) D isproportionation  of tlie rad ica l.
(vi) Coupling with o th e r ra d ic a ls  p re sen t.
R N -O - 4 -R -------  ^ R .N -O -R^ z
(vii) A bstrac tio n  of a hydrogen atom  fro m  the phenylcyclo-
hexadienyl ra d ic a l to give biphenyl.
RgN-0= 4 [PhC^H H]*  --------- * R^N-OH 4 PhPh
E ach of th ese  reac tio n s w ill now be considered  in  turn .
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R eaction  (i) will becom e m o re  im portan t as the 
concen tra tion  of the n itro sam id e  is  in c reased . A t h igher 
concen tra tion  the e. s . r .  s igna l is  in ten sified , not only by 
the o v e ra ll fa s te r  reac tio n  ra te , but a lso  by the h igher 
s ta tis tic a l  chance of the phenyl ra d ic a l m eeting  a  n itro sam id e  
m olecule.
R eaction  (ii) is  the  step  involved in  the m a jo r p roduct
fo rm ing  sequence, and w ill be correspondingly  le s s  im p o rtan t
a t  h igher concentration .
R eaction  ^iiili has been shown to be  of com paratively  m in o r
significance, and has been o b serv ed  in only a few iso la ted  cases .
159F o r em m p le  Hey found tha t in  the p re p a ra tio n  of pi-terphenyl
fro m  the decom position of ^ N '-d ia c e ty l~ ^ N L d in itro s O ''l ,4 "
phenylenediam ine (2l) in bens ene a  tra c e  of biphenyl was form ed.
The sam e a u t h o r a l s o  re p o rte d  that the decom position of both
^  -3 -  and ^ -4 -N -n itro soacetam idopheny lpy rid ine  (22) in benzene
produced  a l i t t le  g*phenylpyridine in addition to the expected
38pyridylb iphenyls, while H uisgen’s study of the phénylation of
N(NO)Ac
(21)
N(NO)Ao
177,
pyrid ine  rev ea led  tha t the  re la tiv e  ra te  of ab s tra c tio n  to 
substitu tion  was about 1:120.
On tlie o ther hand, a b s tra c tio n  of hydrogen from  the 
c -p o sitio n  of the s id e-c îia in  [ reac tio n  (iv)l is  :fe.r m o re  
im portan t. This produces a  solvent ra d ic a l which is sufficiently  
reso n an ce  s ta b ilise d  to d im erise ; thus b icum yl is  one of the 
products of the decoixiposition of dibenzoyl perox ide in  cum ene.
• . 161Key, P engilly  and W illiam s stud ied  the ra tio  of s id e-ch a in  
a b s tra c tio n  to n u c lea r a ry la tio n  fo r dibenzoyl pero^dLde in  
toluene, ethyXbenzene, cum ene and t-butylbenzene, and found 
13, 55, 6 0 .5  and 0%, tîiese  fig u res  indicating the re la tiv e  
s tab ilitie s  of the so lven t ra d ic a l form ed. Although p a r t  of 
the p roduct m ight be due to the benzoyloxy rad ica l, Dannley and 
Z arem sk y ’s  ^^ ^ iso la tio n  of benzene from  the sam e system  
ind icated  tha t the phenyl ra d ic a l a lso  a b s tra c te d  hydrogen.
163R ondestvedt and B lanchard  found tha t fo r the decom position 
of N -n itrosoacetan ilido  in  to luene only 4% bibenzyl was form ed, 
while fo r cum ene th e re  was 35% bicum yl. That s id e -ch a in  
ab s tra c tio n  products a r e  fo rm ed  in  low er y ie ld  fo r N -n itro so - 
ace tan ilide  than fo r dibenzoyl peroxide is  borne out by the 
re su lts , re p o rte d  in  th is th es is  (p .60  ) fo r m esity len e  as solvent.
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In th is case, the ra tio  of 14% ab strac tio n  fo r N -n itro so -
acetan ilide  r is e s  to 57% when dibenzoyl perox ide is  used.
R eaction (v), - The reac tio n s of n itrox ide  ra d ic a ls  have
been the sub jec t of in te rm itte n t study since  th e ir  ch em istry
84 3was f i r s t  e^camined by W ieland and M eyer fifty y e a rs  ago. 
The re la tiv e  in s tab ility  of DPNO in concen tra ted  solution was 
d iscu ssed  in  the Introduction, together vidtli the p robab le 
m echanism  of the decom position to am ine and n itrone, A 
s im ila r  d isp roportionation  fo r PAPN would re s u l t  in 
N-acetylhydi*asoben«ene and quinonimine-N-o^dde thus:
Ph-N -O * P h-N -H*  ) IP h  -N-Ac P h  -N - Ac
- N —N(Ac)Ph
When tiae p a r a -group  of d iary  Ini trox ides is  m  ethoxy o r  n itro , 
th is m ode of decom position is  no longer possib le  and the ra d ic a l 
is  sufficiently  s tab le  to be iso la ted  as a  c ry s ta llin e  solid. How­
ever, the e. s. r . sp ec tru m  from  p -m ethoxy-N -n itrosoacetan ilide  
is  no m o re  long -lived  than tha t from  the unsubstitu ted  compound. 
Thus reac tio n  (v) ap p ears  to be of l i t t le  consequence in  determ in ing  
the in tensity  of the signal.
The p o ssib ility  of coupling of a n itrox ide  ra d ic a l with a
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ra d ic a l derived  from, the so lven t |re a c tio n  (vi)] has recen tly  
been confirm ed by C alder, F o r re s te r  and Thom son.
They studied the om dation of N -hydroxynaphthalim ide with lead  
te tra a c e ta te  in  toluene and iso la ted  the coupling p roduct in  53% 
yield:
2. N -  O-CH^Ph
The analogous p roduct was fo rm ed  fo r *CC1^ in  y ields of
9% from  CCI. and 75% from  CHCl. , However, when benzene
was used  no product co rresponding  to coupling of a  phenyl
ra d ic a l with the nitroadde was found.
So coupling of n itro x id es  with ra d ic a ls  derived  from  the
so lvent is  likely  only when the la t te r  a r e  resonance  stab ilised .
R eaction  (v ii) , involving the osddation of phenylcyclo -
hexadienyl to biphenyl, w ill be l i t t le  affected  by substituen ts
in  the solvent and should have no effect on the in tensity  of the
e. s, r ,  signal. This reac tio n  finds close analogy with the
60m echan ism  p roposed  fo r tiie decom position of dibenzoyl
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p e ro x id e  in  th e  p r e s e n c e  of d ip h en y In itro x id e ,
The conditions used  fo r record ing  the e. s. r , spec trum
a re  quite d iffe ren t from  those a t  which the h ighest y ields of
a ry la tio n  products a re  found. In o rd e r  to obtain an in te n se ,
well re so lved  signal concen tra ted  solutions a re  u sed  and no
precau tion  need be taken to exclude a i r  from  the system , while
high y ields of b ia ry l only re s u l t  from  dilu te solutions in
deoxygenated so lvents,
4Hey stud ied  the effect of varying the concen tration  fo r
oxygen-free  solutions and found that the b ia ry l y ie ld  dropped
from  80% to 40% as the so lu te to solvent m o lar ra tio  in c re a se d
from  0,011 to 0,180: fo r the m o re  concen tra ted  solutions he
also  found sm all quan tities of the secondary  p roducts, t e r -
48and q uater phenyls, In a s im ila r  investigation  E li el found a
tenfold in c re a se  in  n itro sam id e  concentration  fro m  0,025 M to
0,25 M reduced  the biphenyl y ie ld  from  91% to 66. 5%.
The effect of d isso lved  oxygen on the pcoduct y ields was
124exam ined by S im am ura: " he found tha t the 91% y ield  found 
fo r d ilu te degassed  sam ples fe ll to 5% when a i r  was bubbled 
through the system : th is was p a ra lle le d  by an in c re a se  in  the
fo rm ation  of oxidation products such as phenol.
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In view  of the obvious im portance  of such effects, a  study
was m ade under the conditions used  fo r the e, s . r . experim en ts.
The y ie ld  of biphenyl, re su ltin g  from  the decom position of
N -n itro soacetan ilide  in  benzene, was found to fa ll from  59%
to 24% as the m o la r ra tio  in c re a se d  from  0.0007 to 0,339. A t
the sam e tim e the y ields of terphenyls, re su ltin g  from  the
phénylation of the p rim a ry  product, ro se  from  <0,1%  to 7,5%
and the  fo rm ation  of ta r s  in c re a se d  a t the sam e tim e. The
level of phenol fo rm ation  rem ain ed  constant a t about 10%.
37Hey also  found tha t the y ields of p roducts w ere sen sitiv e  
to v a ria tio n  of tem p era tu re ; his re co rd ed  y ie lds of biphenyl 
w ere 53, 80, 71 and 68% a t 10^, 20* ,^ 30^ and 40° resp ec tiv e ly .
As no p recau tions w ere taken to exclude a ir ,  o r  to con tro l 
the te m p e ra tu re  of the reaction , while in  the cavity of the 
sp ec tro m e te r, i t  would seem  that the conditions under which 
the e, s, r .  sp e c tra  w ere genera lly  reco rd ed  a re  those fo r which the 
y ields of a ry la tio n  p roduct a r e  low est and side reac tions  leading 
to ta r  fo rm ation  a r e  the dom inating fac to r.
The in tensity  of the e. s. r .  signal fo r the s e r ie s  of h y d ro ­
carbon  so lvents can now be ra tio n a lised  in  te rm s  of the ease  of 
fo rm ation  and decay of the PAPN rad ica l. The spec trum  is  thus
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pred ic ted , and o b se rv ed  to be in tense  fo r concen tra ted  solutions 
of the n itro sam id e  in so lvents containing no a-hydrogen  atom s; 
under these  c ircu m stan ces  the fo rm ation  of the ra d ic a l is  
favoured  by the high p robab ility  of addition of phenyl a c ro ss  
the n itro so  group (i) and  by th e re  being no s id e-ch a in  ab strac tio n  (iv), 
while its  decay is  m in im ised  by the absence of a coupling reac tio n
(vi). On the o th e r hand th e re  is  a  low signal lev e l fo r so lvents 
containing an a-hydrogen  atom , when fo rm ation  is reduced  by 
s id e -ch a in  ab s tra c tio n  (iv), and decay in c re a se d  by coupling of 
the n itrox ide with tlie so lven t ra d ic a l (vi).
The im portance  of the com petition fo r tlie f re e  phenyl 
ra d ic a l betw een the n itro sam id e  and the a ro m a tic  so lvent to 
g ive n itro idde and phenylcyclohexadienyl rad ica ls  is i l lu s tra te d  
by the e. s. r . sp ec tru m  resu ltin g  from  the decom position of 
y.-*xiitrosoacetanilide in  fu ran . In th is sy stem  the fu r an is
phenylated about twenty tim es m o re  read ily  tlian the corresponding  
reac tio n  in benzene, a t the expense of n itrox ide form ation . The 
signal, while s t i l l  d is tin c t and well reso lved , is  m arked ly  w eaker 
than when benzene is  the solvent.
No signal was detec ted  w h e n j^ itro so a c e ta n ilid e  decom posed 
in  2, 6 -dim ethylfuran, thus showing again the im portance  of
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l 6 6side^chain  hydrogen ab strac tio n , which in  this reac tio n  
accounts fo r a ll of tlie a ry la tio n  products iso la ted .
P h - + ^  P h ^
P h
Ph- + M e-&   » PhH + H _ C ^0 2 p roducts
The effect of the coupling reac tio n  is i l lu s tra te d  by tlie 
y ie lds of 3, 3J5, 5’-te tram ethy lb ibenzy l from  the decom positions 
of dibenzoyl peroxide and N -n itrosoacetan ilide  in  m esity lene .
In the fo rm e r reac tio n  the ra tio  of s i de-chain  ab strac tio n  to 
nu c lea r a ry la tio n  is  1. 3, but fo r the la t te r  the fig u re  is  0.3, the 
reduction  being p a rtly  due to the absence of the benzoyloxy ra d ic a l 
and p a rtly  due to coupling of the 3, 5-dimethylbenisyl rad ica l 
with PAPN.
The m echanism  p roposed  by P erk ins^^  (Scheme 2) re q u ire s  
a  high sta tio n ary  s ta te  concentration  of PAPN ra d ic a ls  to be 
p re se n t to effect the m ain  p roduct form ing sequence. Although 
this is  c lea rly  the case  when the solverd^is benzene o r  t-b u ty l- 
benzene, the e. s. r . sp ec tru m  ind icates very  low o r undetectab le
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concentrations when toluene, ethylbenzene, cum ene, etc, a r e  
used . On the o ther hand, th e re  is  no reaso n  to doubt that the 
sam e m echan ism  is operab le  throughout the s e r ie s . In sp ite  
of the  possib ility  ox the a b s tra c tio n  of s id e-ch a in  hydrogen 
atom s, the m a jo r products a r e  s t i l l  due to the a ry la tio n  of the 
solvent.
So, while P e rk in s ’ assignm en t of the e* s. r , signal, shown 
in  F ig . Z, to the PAPN ra d ic a l is  su re ly  c o rre c t, th e re  a re  
som e doubts as to w hether h is m echan ism  is  the com plete 
answ er.
An observa tion  m ade fo r the f i r s t  tim e during the co u rse  
of this investigation  is  tha t of a  seœ^odvïèak signal superim posed  
on that a ttr ib u ted  to PAPN . This signal, which is  i l lu s tra te d  
in  F ig s . 3-5, consists  of nine lines a rran g ed  as a 1:1:1 tr ip le t  of 
1:1:1 trip le ts ,ind ica ting  two n itrogen  nucleii with d iffe ren t coupling 
constan ts. Unlike the PAPN signal th is one has the sam e in tensity  
tliroughout the s e r ie s  of a ro m a tic  hydrocarbon  so lvents: thus
in benzene the PAPN signal dom inates the tr ip le t  of tr ip le ts , which 
can only be o b serv ed  a t  high m odulation am plitude: i t  is  probably
fo r th is reaso n  that i t  has not been re p o rte d  by prev ious w orkers . 
However, when the PAPN signal in tensity  is  low (in toluene,
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cum ene, m esity lene , etc. ) the tr ip le t  of tr ip le ts  is  the 
dom inant spec ies . C om parison  of F igs. 3 and 4 i l lu s tra te s  the 
re la tiv e  in ten sitie s  of the two signals in  benzene and m esity lene .
In view of the constan t concentration  of this second ra d ic a l 
com pared  with PAPN, and the req u irem en t of the sam e 
m echan ism  throughout th is s e r ie s  of so lvents, the p ossib ility  
that th is  tr ip le t  of tr ip le ts  is  due to the elusive chain c a r r ie r  
ra d ic a l is  worthy of consideration .
The e. s. r . sp e c tra  o b serv ed  fo r a num ber of re la te d  sy stem s
w ere  studied  in  an a ttem p t to detec t the tr ip le t  of tr ip le ts  without
su ccess . F o r  phenylazotriphenylm ethane in  benzene the only
signal (Fig. 31) was th a t due to the triphenylm ethyl rad ica l
fo rm ed  during the decom position. During the reac tio n  of
an iline with pentyl n i tr i te  in  benzene the weak and very  poorly
re so lv ed  signal shown in  F ig. 32 was observed . The sep a ra tio n
of the hyperfine lines was 1 gauss, while the th ree  groups w ere
about 12 gauss ap a rt. This reac tio n  has recen tly  been stud ied
l67by licv it and G ragerov , who a ttr ib u ted  the signal to the 
phenyldiazotate ra d ic a l on the basis  of R u ch ard t’s o rig in a l study 
of the decom position of N -n itro soacetan ilide  in  benzene. This 
assignm en t has becom e im probab le in  the ligh t of the work
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61 62re p o rte d  by P e rk in s , F o r r e s te r  and in  th is th e s is , which
has firm ly  estab lish ed  th a t th is la t te r  signal is  due to PAPN.
That the la t te r  ra d ic a l contains an acy l group shows that i t
cannot be fo rm ed  fro m  an iline and pentyl n i tr i te  and that som e
o th e r spec ies m u st be p re sen t. In view  of the low  signal level
and poor reso lu tion  of the spec trum , fu rth e r  speculation  as to
the identity  of the ra d ic a l does not seem  justified .
The e. s , r . s ignal of DPNO was detected  fo r solutions of
benzenediazonium  ace ta te  and of the so lid  products iso la ted
from  various n itro sam id e  decom positions. As i t  has been 
71shown th a t th ese  so lids consist, a t le a s t  in  p a rt, of benzene­
diazonium  ace ta te , i t  is  likely  that the DPNO is  fo rm ed  from  
the diazonium  sa lt. The m echan ism  by which the n itrox ide  is
fo rm ed  is  uncerta in , but a s  i t  is  known to a r is e  fro m  the addition
78aof phenyl to n itro sobenzene a schem e such as  the following
is  possib le :
PhN,'*' OAc
Ph*11^  > P h .N = 0  — PhgNO
Ph.N :N . OAc
The subsequent decom position of the diazonium  s a lt  in the 
p re se n ce  of DPNO is d iscu ssed  la te r .
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IV THE TR IPLET OF TRIPLETS E. S. R. SIGNAL.
In the prev ious sec tion  the suggestion was m ade that the 
second w eaker signal - the 1:1:1 tr ip le t of 1:1:1 tr ip le ts  - 
m ight be the ra d ic a l involved in  the chain p ro c e ss , and that 
the PAPN ra d ic a l was fo rm ed  in  a side  reac tion , re su ltin g  
from  the u se  of concen tra ted  so lu tions, and possib ly  ir re le v a n t 
to the production  of phenyl rad ica ls  from  N -n itrosoacetan ilide .
A m o re  de ta iled  exam ination of this new signal is  thus re q u ire d  
in  an a ttem pt to identify  the ra d ic a l to which i t  is  due, and hence 
to c la rify  the m echan ism .
The sp ec tru m  (F igs. 3-5) shows two unusual fe a tu re s ; the 
m a jo r n itrogen  coupling constan t of 30.7 gauss is  abnorm ally  
high fo r ra d ic a ls  in  solution, while the g -fac to r of 2.0015 is  le s s  
than the f re e  sp in  value of 2.0023. This suggests that the 
ra d ic a l is  not a typ ical TT-nitroxide like  DPNO, PNO and PAPN 
fo r which = 9-12 gauss and g = 2.0050 - 2.0055. The sam e 
conclusion can be draw n fro m  the in sen sitiv ity  of the signal to 
changes in  the acy l and a ry l groups of the n itro sam ide . Iden tica l 
sp e c tra  re su lte d  fro m  the decom position of N -n itrosoacetan ilide , 
and N -n itro so isobu ty ran ilide , while on changing the p a r a - 
substitu en t of the a ry l group fro m  m ethoxy to n itro  the m a jo r
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value only v a r ie d  fro m  30.6 to 31,0 gauss - an  in c re a se
of 1.3%, This com pares w ith a  d ec rease  from  12.44 to 10.49
gauss (17%) fo r the sam e substituen ts in PAPN.
In view  of the m agnitude of the value, two types of
ra d ic a l a r e  considered . The f i r s t  is  the n itrox ide fo rm ed  by
the addition of an  alkoxy rad ica l, possib ly  fo rm ed  fro m  oxidation
of the solvent, a c ro ss  the n itro so  group of the n itro sam id e ,
89A lkoxyalkylnitroxides have been  re p o rted  to have n itrogen  
RO* N -O  r o -N-O*I    ^ ,
P h-N -A c P h -N -A c
sp litting  constants in  the reg ion  of 25-30 gauss, and in  th is 
ca se  a nine line  sp ec tru m  m ight be expected through unequal 
coupling of the u npaired  e lec tro n  with the two n itro g en  nucleii. 
However, th is ass ig n m en t can be re je c te d  on the grounds tha t 
the g -fac to r of 2.0015 is  in co n sis ten t with the values of about 
2.0055 found fo r n itro x id es  of a ll  types.
The second type of ra d ic a l with a ^  values of the c o r re c t  
m agnitude is  the im inoxy ra d ic a ls  derived  from  the oxidation of 
ox im es. These w ere  considered  in  the Introduction, th e ir  la rg e  
coupling constants being a t t r i b u t e d ^ t o  the location  of 
the unpaired  e lec tro n  in  a cr-o rb ita l with high s :p  ra tio . Thus
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from  sy n - and an ti-benzaldoxim es, signals with a ^  = 29.2
95and 31,0 gauss w ere  o b se rv ed  by Thom as,
The s im ila r ity  betw een these  rad ica ls  and the iso  e lec tro n ic  
cT-phenyldiazotate o rig ina lly  p roposed  by R üchard t as  a
TT -ra d ic a l is  rem ark ab le ,
O' H O'/  \  /C=N./  /P h  Ph
An assignm en t of the t r ip le t  of tr ip le ts  s igna l to the
PhNNO d"-radical explains ge v e ra l  fea tu res  of the spec tru m
95by analogy w ith the re su lts  obtained by Thomas and G ilb e rt 
96band N orm an fo r  sy n -PhCHNO,
(i) The la rg e  a ^  value of 30.7 gauss is  co n sis ten t with the
unpaired  e lec tron  occupying a m o lecu lar o rb ita l in  the plane
of the phenyl ring , with high s :p ra tio  and co m p rised  of the 
3sp  hybrid  o rb ita ls  of the two n itrogen  atom s and a2p atom ic 
o rb ita l of the oxygen.
(ii) The coupling of the unpaired  e lec tro n  with the pro tons 
of the phenyl ring  is  sm a ll and rem ains unreso lved , the 
m inim um  linew idth fo r the spec tru m  being 0,5 gauss. The 
hyperfine s tru c tu re  thus consists  of nine lines a rra n g e d  as a 
tr ip le t  of tr ip le ts .
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(iii) F o r  the cf-radical, v a ria tio n  of the p a r a -su b s tituent
of the a ry l ring  has l i t t le  effect on the a ^  values, unlike the
IT —nitrox ide  case  when H am m ett behaviour is  exhibited.
In addition the absence  of the acyl group in  the postu la ted
ra d ic a l explains why id en tica l signals re s u l t  from  the
decom positions of N -n itrosoacetan ilide , N -n itrosopropionanilide
and N -n itroso isobu ty ran ilide ,
The g -fa c to r of 2.0015 d iffe rs  from  that of 2.0055 found fo r
im inoxy ra d ic a ls , but is  typ ical of o ther w ell estab lished
-ra d ic a ls  such as fo rm y l (2.0009)î^^^ vinyl (2.0022),^^ 
carbam oyl (2.0017) and the n itro  sobenz ene cation (2.0007).^^^
This inconsistency  in  the values fo r PhNNO and PhCHNO probably
a r is e s  from  the additional lone p a ir  of e lec trons on the second
n itrogen  atom , the im po rtan ce  of which is  s t r e s s e d  in  the
156g -value theory  developed by Stone.
The e ssen tia l d iffe rence  betw een Rüchardt*s o rig in a l concept 
of the phenyldiazotate ra d ic a l and the one now p roposed  is  tha t 
while he considered  a  TT-radical with deloca lisa tion  of the 
unpaired  e lec tro n  throughout the system , i t  can now be re g a rd e d  
as  a  rad ica l.
In  o rd e r  to c la rify  this am biguity  i t  is  n e c e ssa ry  to tu rn  to
191.
th eo re tic a l ca lcu la tions, the conclusions of which a r e  d iscu ssed  
below.
CNPO C alculations 
(i) D istinction betw een and TT-Badicals
The th eo re tica l m ethod u sed  to te s t  w hether the phenyl­
d iazotate  ra d ic a l would have O'- o r "ïT- sym m etry  was the
139CNDO approx im ate  SCF tre a tm e n t of Pople. In view  of the 
neg lec t of in te rac tio n s , i t  was decided to p e rfo rm
calculations on a  num ber of known €f- and 7T -rad ica ls  to 
e s tab lish  th a t th is  p a r tic u la r  p rocedu re  could lo ca te  the 
unpaired  e lec tro n  in  an  o rb ita l of the c o r re c t  sym m etry  type. 
F o r  <T-radicals the sp in  density  is  sp rea d  throughout the 
d -fram ew o rk  in  the  hydrogen Is  o rb ita l and the 2s, 2p^ and 
2p^ o rb ita ls  of the o th e r a tom s, while fo r TT -ra d ic a ls  i t  is  only 
found in  the 2p^ o rb ita l.
The sy stem s re p o rte d  in  th is thesis  a r e  l is te d  below, the 
c o r re c t  sym m etry  being p red ic ted  in  every case .
<Si , H C -O , H^NC=0,
PhNO^ and PhCH^NO* (syn and an # )
IT: H ^N O and PhNO"
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In  addition the  following ra d ic a ls  have also  been studie<^^^ 
with equal su ccess , 
d: NO^
TP. h o b " ,  -C F ^ , -CH^ , and CO
Having estab lish ed  th a t the m ethod is  sa tis fac to ry  fo r the
above exam ples, the re su lts  fo r the iminoxy and d iazo tate
ra d ic a ls  can be considered .
The p a ren t ra d ic a ls  HCH»NO* and HN=NO* a re  both
p red ic ted  to be d  ; fo r the la t te r  the cis and tra n s  - iso m e rs  a re
found to be of s im ila r  s tab ility . The im inoxy ra d ic a ls  fro m
syn - and a n ti-benzaldoxim e a r e  both d ,a  p lan ar configuration
being the m o st s tab le  in  each case. This is  in conflict w ith
the re su lts  of the extended Hückel theory  calcu lations re p o rte d  
2 38by Drago, in  which the a n t i-ra d ic a l was m o re  s tab le  when 
the phenyl ring  was tw isted  90° out of the nodal plane.
The re su lts  fo r tra n s  - and cis -phenyldiazotate. l is te d  in  
Tables 21 and 22 (pp. 144 -145) c lea rly  show th a t the spin 
density  is  in  the cr-f ra m e  work. Thus the assum ption  m ade 
e a r l ie r  that they a r e  d -ra d ic a ls  is  ju s tif ied  on the b as is  of these  
ca lcu la tions.
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(ii) P ro to n  S p littin g  C o n s ta n ts
In  view of the approx im ate  n a tu re  of the m ethod, and the
143assum ption  of A therton  and Hinchliffe*s O value, the
ag reem en t betw een theory  and experim en t is  sa tis fac to ry .
The e r ro r s  involved a r e  s im ila r  to those found from  the
138extended Hückel m ethod of Drago and the CNDO calcu la tions 
143of A therton. However, fo r the la rg e r  sy s tem s, containing 
phenyl rin g s, the geom etry  was not op tim ised  so rig o rously , 
with correspond ing  inaccu racy  in  the a ^  values. This is  
p a r tic u la r ly  m ark ed  fo r sy n - and a n ti-PhCH=NO*, w here 
®^H(l5) low in  each case . The values fo r the phenyl
ring  pro ton  sp litting  constan ts a r e  in  b e tte r  ag reem en t with 
experim ent. In  every  case , low densities a r e  p red ic ted  when 
no coupling is  reso lv ed , and when one is  o bserved  the ca lcu la ted  
value is  in  the c o r re c t  o rd e r  of m agnitude. In p a r tic u la r  the 
re su lts  fo r sy n -PhCH-NO* a r e  v ery  s im ila r  to those found by Drago: 
however, the p lan ar geom etry  p red ic ted  fo r the anti-isom er» 
with non-equ ivalen t o -p ro to n s , is  le s s  re a l is t ic  than the 90° 
conform er u sed  by Drago; only fo r this la t te r  c a se  a r e  the
o -p ro tons equivalent in  ag reem en t with the ana ly sis  of the e. s, r.
95, 96b spec trum .
W hile the ca lcu la ted  pro ton  coupling constan ts fo r tra n s  -
194.
phenyldiazotate a r e  a ll sm all, and considerab ly  le s s  than 
the o b serv ed  line  widths of the tr ip le t  of tr ip le ts  signal, the 
co rresponding  values fo r the c is-iso m er a r e  notably la rg e r ,  
and would have been re so lv ed  under the experim en ta l conditions,
(iii) N itrogen  Splitting C onstants 
The p ro ced u re  u sed  to ca lcu la te  the n itrogen  sp litting  
constants was d esc rib ed  on p. 146 . The re s u lts ,l is te d  in  
Tables 23-25, show in  g en e ra l only lim ited  ag reem en t betw een 
theory  and experim ent, the ca lcu la ted  values fo r PhNO and 
H^NC=0 being p a r tic u la r ly  inaccu ra te . On the o ther hand, 
using syn -PhCH^NO* as a ca lib ra tion , the ca lcu la ted  a ^  value 
fo r the an ti-iso m er is  approx im ately  righ t, and as the phenyl­
d iazo ta te  rad ica ls  a r e  so s im ila r , both geom etrica lly  and 
elec tron ica lly , e s tim a tes  of ^N{3) possib le . The
values of 36.3 and 25.7 gauss fo r n itrogen  No. 2 of the tra n s - 
and c is - iso m e rs  com pare  with the o bserved  value of 30.7 gauss 
fo r the t r ip le t  of tr ip le ts  signal, while 6.2 and 6.9 gauss a r e  
p red ic ted  fo r a^^^^ com pared  with the experim en ta l value of 
2.3 gauss. In view  of the approxim ations d iscu ssed  e a r l ie r  
b e tte r  ag reem en t than th is is  no t to be expected.
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(iv) C onclusion
The re su lts  of the CNDO calcu la tions support the assignm en t
of the tr ip le t  of tr ip le ts  signal to the tra n s  -phenyldia&otate
ra d ic a l. N ot only is  the u n p a ired  e lec tron  a ss ig n ed  to a
m o lecu la r o rb ita l of cT-symmetry, but the ca lcu la ted  hyperfine
coupling constants a r e  of the c o r re c t  m agnitude. No sp litting
is  p re d ic te d  o r  o b serv ed  fo r  the phenyl ring  protons^ while the
ra tio  ^^2 )^^N (3 ) com pares with the experim en ta lly
o b serv ed  one of 13.3. The t r a n s -iso m er is  p re fe r r e d  to the
c i8 on the b as is  of the ca lcu la ted  values of the  pro ton  hyperfine
coupling constants and the  ra tio  the p a ren t
H N =N O 'radicals and fo r PhN~NO* itse lf.
55Kauffmann, F r ie s  tad  and H enkler a ss ig n ed  a cis - cis
configuration to the  diphenyldiazoaiihydride (23)
c c
P h-N = N -0-N = N -P h
(23)
from  which the phenyldiassotate ra d ic a l is  fo rm ed. However,
decom position in  solution to give the tra n s  -d iazo ta te  is  p robab le
by analogy with the ready  in te r  conversion  of im inoxy ra d ic a l
iso m e rs  com pared  with the fixed  geom etry  of the oxim es.
The re su lts  fo r  a ll  the  rad ica ls  stud ied  show tha t the CNDO
m ethod is  capable of assign ing  the unpaired  e lec tro n  to an o rb ita l
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of the c o r re c t  sym m etry , b u tth a tit  Is le s s  valuable fo r the 
determ ination  of sp litting  constan ts. The m o re  soph is tica ted  
IN DO m ethod (In te rm ed ia te  N eglect of D ifferen tial O verlap) 
developed m o re  recen tly  by P o p le /^ ^ ^  which includes <f-Tr 
in te rac tio n , would be m o re  su itab le  fo r th is  pu rpose, but the 
p rog ram m e is  too la rg e  to be ru n  on the IBM 360/44 com puter 
ava ilab le  fo r th is  investigation .
V THE MECHANISM OF THE DECOMPOSITION
a) In A rom atic  H ydrocarbons
The assignm en t of the tr ip le t  of tr ip le ts  e# s, r .  signal to 
the or-phenyldiazotate ra d ic a l adds support to the m echan ism  
o rig ina lly  p roposed  by R uchard t (Scheme 1), bu t re je c te d  by 
P e rk in s  in  favour of one (Scheme 2) including the PAPN ra d ic a l 
as  chain c a r r ie r .  C onsequently th e re  a r e  p re se n t two ra d ic a ls  
in  the system , both of which a r e  capable of ab s tra c tin g  a 
hydrogen atom , and thus cleanly  oxidising the phenylcyclohexadienyl 
ra d ic a l to biphenyl. I t  is  thus n e c e ssa ry  to exam ine the evidence 
th a t can decide which m echan ism  is  operab le  o r  w hether o r  not 
they a r e  self-exclud ing .
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The m o st s trik in g  fe a tu re  of the e. s. r . study is  the constan t 
concen tra tion  of the phenyld iazotate ( tr ip le t of tr ip le ts )  signal 
com pared  with tha t due to PAPN. This lends weight to the 
argum ent tha t the R uchard t schem e is  the p r im a ry  p roduc t- 
form ing sequence, with PAPN being fo rm ed  in  a s ide  reaction .
On the o ther hand i t  has been estab lished  tha t n itrox ides 
such as DPNO a r e  capable of acting  as the chain c a r r i e r  ra d ic a l
169in  the decom position of diazonium  sa lts , R uchard t found 
tha t the addition of ca ta ly tic  am ounts oflÿkydroxypiperidine to 
a solution of N -n itro soacetan ilide  caused  rap id  den itro sa tion  
of p a r t  of the n itro sam id e . As the e. s, r .  sp ec tru m  of DPNO 
was o b serv ed  la te r  in  the reac tion , he considered  the following 
cycle to be in  operation .
Ph^NO* + [PhC^H^H]' ----  ^ Ph^NOH + P hP h
Ph^NOH + PhN^'*'  } Ph^N O ' + N + h ’*' + P h '
The detection  of the sam e signal during the decom position of
N -n itro so isobu ty ran ilide  in  benzene suggests that a  s im ila r
p ro c ess  is  a t work, th is tim e the den itro sa tion  of the n itro sam id e
probably  being caused  by the bulk of the acy l group,
170P erk in s  a lso  i l lu s tra te d  the chain ca rry in g  po ten tia l of 
DPNO by studying the decom position of benzenediazonium
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fluo ro bo ra te  in  the p re se n c e  of diphenylhydroxylam ine  in 
a ro m a tic  so lvents. The b ia ry l iso m er ra tio s  and the DPNO 
e. s. r , signal ind ica ted  f re e  ra d ic a l phénylation by the above 
chain p ro c ess . He suggested , in support of h is schem e (2 ), 
tha t a s im ila r  cycle involving PAPN and benzenediazonium  
ac e ta te  was likely  to be involved in  the N -n itrosoacetan ilide  
reaction .
The two schem es under consideration  a r e  in  fa c t very
s im ila r , the d ifferences being in  the c a r r ie r  ra d ic a l and the
in itia tion  step. Schem e 2 re q u ire s  the fo rm ation  of a t  le a s t
som e phenyl ra d ic a ls  fro m  hom olysis of the d iazoacetate  - a
p ro c ess  which was e a r l ie r  re je c te d  in  view  of the m in im al y ields
39of carbon  dioxide, but which is  conceivable as a  pure ly  
in itia tion  reaction . The corresponding  step  in  Ruchardt*s 
schem e (l)  involves a ttack  by an  ace ta te  ion on the phenyl- 
d iazoaceta te  to give a d iazo ta te  anion and ace tic  anhydride, and 
subsequent fo rm ation  of diphenyldiazoanhydride - a compound 
which has been  iso la ted  from  the closely  re la te d  G om berg
31reaction . This in itia tio n  p ro cess  is  a lso  supported  by the 
fo rm ation  of carboxylic anhydrides in  0.5-3%  y ie ld  from  the 
decom position of a c y la ry ln itro sa m in e s ,
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In view  of the evidence d iscu ssed  e a r l ie r  i t  is  like ly  tha t
any ra d ic a l of the nitrox ide  type, which is  p re se n t in  su ffic ien t
concen tration  to give an e, s. r* signal, could a c t as the chain
c a r r ie r .  Thus fo r the re ac tio n  in  benzene o r  t-buty lbenzene,
when both the phenyldiazotate and PAPN ra d ic a ls  a r e  p re se n t,
schem es 1 and 2 a r e  both possib le , while in  cum one, m esity lene
etc. only the R uchard t m echan ism  is  operative .
During the decom position of a ll the n itro s  am ides in  cum en e
a 1:1:1 tr ip le t  e. s . r .  sp ec tru m  (Fig. 5) was observed , fo r which
a ^  “ 15.00 gauss and g = 2.0059. In view  of the ready  fo rm ation
of cum yl ra d ic a ls  in  the sy stem , this signal was assig n ed  to
dicum ylnitroxide [(phCMe^)^NO*], the p robable m ode of
fo rm ation  being
Ph- + PhCHMe^ ----- ) PhH + PhCM e^
PhN(NO)Ac ----4 NO
PhCM e^ + NO ----- -4 PhCMe^NO
PhCM e^NO fP h C M e ^ — > (PhCMe^)^NO*
The fo rm ation  of d ia lky ln itrox ides by th is m echan ism  is  
171w ell estab lished , and the e. s. r . spec trum  of di cum yl-
89n itrox ide  has been o b se rv ed  by de B oer, who found a^ =  15.1
B5agauss in  cumene., and by Hoffmann, who found a^ =  1 4 ,9  
gauss in  n -hep tane. N eith er w orkers re p o rte d  the detection
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of the sa te lli te  lines (F ig. 12) due to in  n a tu ra l abundance.
These sp littings of 8 ,8 , 5.2 and 2.9 gauss com pare with the
values of 4.38 and 4.35 gauss found fo r the closely  re la te d
90d i-t-b u ty ln itro x id e  in  benzene re p o rted  by F a b e r and by 
172Has sa t. By com parison  with R assat*s re su lts  the m o st likely
assignm en t is  of the la rg e s t  value (8 .8  gauss) to the te r t ia ry  carbon
atom , the 5.2 gauss to the m ethyl carbons and the sm a lle s t
(2.9 gauss) to carbon  atom s in  the phenyl ring.
The decom position of N -nitros of o rm an ilide  in  cum ene proved
anom alous in  th a t th e re  was no sign, no t only of PAPN^ but a lso
of the phenyldiazotate rad ica l. In stead  two new signals, in
addition to that due to dicum ylnitroxide w ere observed . The
f i r s t  (Fig. 19) was a  tr ip le t  of tr ip le ts  (a ^  = 18.10 gauss,
a ^  = 1. 36 gauss, g = 2.0059) v e ry  s im ila r  to th a t re p o rted  by 
. 6 1 ,P e rk in s  fo r (N -phenylacetam ido)-t-buty ln itroxide, and was 
thus assigned  to the (N -phenylform am ido)cum ylnitroxide which 
would re s u lt  from  the addition of a  cum yl ra d ic a l a c ro ss  the 
n itro so  group of N -n itrosoform anilide. The second new signal 
(Fig. 20) appearing  la te r  in  the re ac tio n  and las ting  se v e ra l days, 
showed hyperfine s tru c tu re  due to the five pro tons of a  phenyl 
ring  and one n itrogen . The coupling constants of th is signal a r e
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iden tica l to those o b serv ed  fo r the s tab le  ra d ic a l fo rm ed  during
77the azo b is iso b u ty ro n itr ile -ca ta ly se d  oxidation of an iline, the
re ac tio n  of t-bu ty Ihydroperox ide with phenylhydroxylam ine o r
173triphenylhydrazine , the reac tio n  of n itro sobenzene with
sodium  m ethoxide in  m e t h a n o l ^ a n d  the reac tio n  of sodium
175 173 174dithionite with n itrosobenzene. S everal au thors ^
assig n ed  this signal to the ra d ic a l PhNOH, o r to a  tim e av erag e
175of PhNOH and PhNHO* . However, R u sse ll considered  that
the s tab ility  of th is ubiquitous spec ies and the absence  of a
hydroxyl pro ton sp litting , although such a coupling (aj^=0.38
176gauss) can be detec ted  fo r PhNO^H, m ade th is assign m en t
im probab le and a  m o re  likely  s tru c tu re  was P liN (0 ')0X  w here
89X= PhNH, The a ^  value of 14.9 gauss re p o rte d  by de B oer 
fo r PhN{0‘)0Bu^ is  m uch la rg e r  than the value of 11.69 gauss 
observed  fo r the N -n itro so fo rm an ilide  system  and m akes the 
s tru c tu re  of P h -N (O-)OCM e^Ph unlikely. While the a lk y la ry l-
n itrox ide PhN (0 )CM e^Ph is a  possib ility , the s tru c tu re  ass ig n ed  
by R u sse ll seem s the m o s t probable, 
b) In Diethyl E th er
The e. s. r . sp e c tra  o b serv ed  during the decom position of 
N -nitro  s oac etan ilide  in  diethyl e ther w ere c h a ra c te r ise d  by the
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absence  of the tr ip le t  of tr ip le ts  and the detection  of ano ther 
u n rep o rted  signal in  addition to tha t due to PAPN, This new 
signal (Fig, 7) showed hyperfine s tru c tu re  due to coupling with 
two n itrogen  nuclei! and one proton, and is  assig n ed  to the 
n itrox ide ra d ic a l fo rm ed  by the addition of the 1 -ethoxyethyl 
ra d ic a l, re su ltin g  from  the ab s trac tio n  of a  hydrogen atom  
fro m  the a -ca rb o n  atom  of the e ther, a c ro ss  the NO group of the 
n itro sam ide .
MeCHOEt + N =0I IP h-N -A c P h-N -A c
A s im ila r  n itrox ide  spec tru m  was detec ted  by Chachaty and 
172F orch ion i during the photolysis of n itroa lkanes in  te t r a -  
hydrofuran , the coupling constan ts being a ^  = 14,7 gauss and 
^H(THF) “ gauss. By analogy the signal o b serv ed  fo r  
N -n itro 8o ace tan ilid e /6 ie thy l e th e r showed coupling with the 
n itrogen  of the n itrox ide  group (a ^  = 15.4 gauss), with the 
n itrogen  of the acetam ido  group (a^  = 1.4 gauss) and the 
a-alkoxyalkyl p ro ton  (a ^  = 5.8 gauss). S m aller couplings with 
the pro tons of the r e s t  of the so lven t re s id u e  and of the phenyl 
ring  probably account fo r the la rg e  linew idth of 0,6 gauss. Thus 
the e. s. r .  study of th is re ac tio n  il lu s tra te s  the in te rm ed iacy  of
SCHEME 4
N -N itrosoacetanilide in Diethyl Ether
PhN(NO)Ac 4 PhNg OAc
PhN(NO)Ac
(59%)
PAPN 
(e. s. r. ) PhN
/ t v
PhN -) Me^HOEPhH 4  
(52%)
 ^ MeCHOEt
OAcPhN(NO)Ac
Me CHOEtMeMeCHO + Et- AcO
(50%) Etc
Ph — N Ac
(e, 8. r, )
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both the phenyl and a-alkoxyalkyl ra d ic a ls , each being 
detec ted  as a  re s u l t  of the scavenging p ro p e rtie s  of the n itro so  
group of the n itro sam id e ,
49Denney, G ershm an  and Appelbaum  studied  the products
of the reac tio n  and found benzene (52% ), n itrogen  (5 9 %)#
1 - ethoxy ethyl ace ta te  (2 2 %) and acetaldehyde (50% as the
2 ,4 -  d in itrophenylhydrazone d e riv a tiv e).
The fo rm ation  of these  products and the observ a tio n  of
the e. s, r . s ignals can be  ra tio n a lise d  in  te rm s of the fre e
ra d ic a l chain p ro c e ss  outlined in  schem e 4, The m echanism
169involves the cycle p roposed  by R uchard t fo r the re ac tio n  of
diazonium  sa lts  with I, 3-dioxalane, in which th e re  is an
elec tro n  tra n s fe r  from  the c -alkoxyalkyl ra d ic a l to the diazonium
ion to fo rm  a carbonium  ion and a diazo rad ica l, which then
decom poses to give phenyl and n itrogen.
The in itia tion  step  providing the f i r s t  phenyl ra d ic a l m ay
involve p a r tia l  hom olysis of the phenyldiazoacetate (2 . 6 %
39carbon  dioxide was iso la ted  fro m  the reac tio n  in dioxan ), o r 
p ro ceed  via d iazoanhydride fo rm ation  as  p roposed  fo r a ro m a tic  
hydro ca rb o n s.
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c) In  A lco h o ls
The detection  of the PAPN e. s. r .  signal during the
decom position of N nitros oac etanilide in  alcohols ind icates that
a  f re e  phenyl ra d ic a l is  a lso  involved in  this system . The
fa ilu re  to detec t the phenyldiazotate tr ip le t  of tr ip le ts  signal
and the fo rm ation  of the p roduct benzene only by the ab s tra c tio n
of a-hydrogen  atom s, as ind icated  by the fo rm ation  of < 1%
177C^HgD from  the re ac tio n  in  EtOD, suggests a m echanism  
s im ila r  to that p roposed  fo r e th e r so lvents. Thus the o bserved  
p roducts, benzene, n itrogen , ace tic  acid  and ketone could be 
fo rm ed  in the following chain sequence.
Ph- 4- R^CHOH — ) PhH + R^COH 
RgCOH + PhNg'"' — 5 PhN + R &OH
PhNg -) Ph- N
RgCOH + A cO ‘ ----- -> R C :0  AcOH
This schem e re ce iv e s  added support from  Huisgen*s study 
of the decom position of o -m  ethyl-N -nitr os oac etanilide. In
ch loroform  indazole re su lte d  in  a lm ost quantitative y ield , but 
in  ethanol a high y ie ld  of acetaldehyde was given, with neglig ib le  
fo rm ation  of indazole: thus oxidation m u s t have been ach ieved
a t the expense of cyc lisa tion  by som e spec ies containing n itrogen.
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The e lec tro n  tra n s fe r  p ro c ess  outlined above would account 
fo r th ese  re su lts .
The v a ria tio n  in  the in ten sity  of the PAPN signal fo r the 
s e r ie s  of solvents can be ra tio n a lised  in  the sam e way as fo r 
the a ro m a tic  hydrocarbons. The in tensity  d ec rease s  with 
in creasin g  s tab ility  of the so lvent re s id u e  rad ica l, suggesting 
rem oval of the n itrox ide  by the coupling reac tion .
The fa c t that sa tis fa c to ry  m echanism s can be p roposed  fo r 
the reac tio n  in both e thers  and alcohols, which do not involve 
PAPN as the chain  c a r r ie r ,  and y e t its  e. s. r  s ignal is  detec ted  
in  each case , supports the p roposa l tha t its  fo rm ation  m ay only 
be a non-pro  duct-fo rm ing  side reaction , 
d) . In H alogenated Solvents
The anom alous n a tu re  of the decom position of a c y la ry l­
n itro s  am ines in  halogenated  solvents was d esc rib ed  in  the 
In troduction  to th is th e s is . D espite exhaustive study no
m echanism  has been p roposed  which can accom m odate a ll  the
6 8experim en ta l o b serva tions, and i t  has been in  doubt w hether 
f re e  ra d ic a ls  w ere  involved in  the reaction .
The detection of the  phenyldiazotate e. s, r .  s ignal e s tab lish es  
the f re e  ra d ic a l n a tu re  of a t  le a s t  p a r t  of the p ro cess  and suggests
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a m echan ism  s im ila r  to th a t considered  fo r  benzene. Also 
com parable  to the a ro m a tic  hydrocarbon sy stem  is  the com plete 
o r  p a r tia l  su p p ressio n  of the PAPN signal su m m arised  in  the 
l i s t  below.
Solvent PAPN PhN=NO‘
CCl^, B rC C l^ nil weak
weak weak
CHBr .OHBr nil weak
m edium weak
The constan t in tensity  of the diazotate signal ind icates that 
this ra d ic a l is  involved in  the m a jo r product form ing sequence, 
ra th e r  than PAPN. The la t te r  is  e ith er rem oved  by coupling 
with the solvent re s id u e  rad ica l, thus explaining the fa ilu re  to 
e .g . Ph* + CCl^  ) PhCl + *CC1^
Ph-N-O* + •CC1_ — ) P h -N -O -C C l,
I o  I 3
P h-N -A c Ph-N -A c
iso la te  hexachloroethane, o r is  only fo rm ed  in  sm all quantities 
due to com petition fo r the phenyl rad ica l with the ab s tra c tio n  
p ro c ess .
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The detection  of the phenyldiazotate e, s. r .  spec tru m  and 
the iso la tion  ^ of 0,5 to 3% carboxylic anhydrides strong ly  
supports an in itia tion  p ro c ess  s im ila r  to tha t p roposed  fo r 
a ro m a tic  hydrocarbons
PhN(NO)Ac ----) PhNrNOAc fsi PhN.^ ~OAc
AcO‘ + PhN:NOAc— J PHN.O" + A c ,0  
PhN^’*' + P h N gO " -^  PhN ON Ph
PhNgONgPh — » Ph' + N + 'ON:NPh 
68 70 71The observa tion  ' ' tha t in  carbon te tra c h lo rid e  a t
room  tem p era tu re  half the to ta l n itrogen  is  evolved and 
benzenediazonium  ch loride is  p rec ip ita ted , while a t  h igher 
tem p era tu re s  this diazonium  s a lt  decom poses to give the 
rem a in d e r of the n itrogen , suggests that only the f i r s t  s tage  
is an en tire ly  ra d ic a l p ro c e ss .
The production  of carboxylic  acids has been explaine(^^ 
by the ab s trac tio n  of an ac id ic  o^-proton from  the diazonium  
s a lt  by the carboxylate  ion, but the fo rm ation  of d iazo n iu m  
halides s t i l l  re q u ire s  fu r th e r  investigation .
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CONCLUSION
The work d esc rib ed  in  th is th es is  has been concerned 
with the e. s. r .  sp e c tra  o bserved  during the decom position 
of acy la ry in itro sam in es  in  four se r ie s  of so lvents, and with 
the in form ation  that th ese  prov ide in  the determ ination  of the 
reac tio n  m echanism .
In a ro m a tic  hydrocarbons two signals w ere observed . The 
f i r s t  was tha t o rig ina lly  detected  by R uchard t and ass ig n ed  by 
P e rk in s  to (N -phenylacetam ido)phenyInitroxide. This has 
been confirm ed by Me Lachlan m o lecu lar o rb ita l ca lcu la tions 
and by studying the effects on the spec trum  of varying  the 
a ry l and acyl groups of the n itro sam ide . It was thus 
estab lish ed  tha t the ra d ic a l behaves as a typ ical TT-nitroxide 
by com parison  with the re su lts  of s im ila r  stud ies on phenyl- 
n itrox ide and diphenylnitroxide. The second signal, consisting  
of a 1:1:1 tr ip le t  of 1:1:1 tr ip le ts  was a ttr ib u ted  to phenyl­
d iazo tate  (o) by analogy with the re la te d  im inoxy ra d ic a ls . The 
re su lts  of the CNDO ca lcu la tiom perfo rm ed  on PhN=NO' and 
PhCH “NO* support th is assignm ent: while only approx im ate 
estim a tes  of the sp litting  constants w ere possib le , the location  
of the unpaired  e lec tro n  in  an o rb ita l of O -aym m etry  was firm ly
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estab lished . F u r th e r  confirm ation  m u st aw ait generation  
of the ra d ic a l by o ther m eans, such  as oxidation of the phenyl­
d iazo tate  anion by e lec tro ch em ica l o r  flow techniques. In 
co n tra s t to the re su lts  fo r the TT-PAPN rad ica l, v a ria tio n  of 
the a ry l  and acy l groups had l i t t le  o r  no effect on the e. s . r , 
spec tru m  of this rad ica l. Although the e, s. r . signals o bserved  
in  benzene and t-bu ty lbenzene support both the m echan ism  of 
R uchard t (Scheme 1, opposite  p. 153) and P erk in s  (Scheme 2, 
opposite p. 156), the fa ilu re  to detect the signal fro m  the chain 
c a r r ie r  rad ica l of the la t te r  schem e for the decom position in  
cum ene, m esity lene , etc, m akes the fo rm e r the m o re  likely  
p roduct-fo rm ing  sequence fo r the whole s e r ie s  of so lvents.
In  e thers  the e. s. r* study confirm ed the p re sen ce  of 
phenyl and c -alkoxyalkyl ra d ic a ls  by the detection  of signals 
a ttrib u tab le  to the n itrox ides fo rm ed  by addition of the rad ica ls  
a c ro ss  the n itro so  group of the n itro sam ide . The m echan ism  
proposed , which is  a lso  applicab le to the reac tio n  in  alcohols, 
involves, in the chain p ro c e ss , an e lec tro n  tra n s fe r  step.
PhN ^’*’ + RCHOR ---- ) Ph* + N + R & O R
This schem e is  supported  by the iso la tion  of the e s te r  RCH(OAc)OR
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fo rm ed  by the com bination of the carbonium  and the ace ta te  
ions.
No sa tis fac to ry  explanation has been found fo r  the 
decom position in  halogenated  so lvents, no r fo r the e. s. r . 
s ignal observ ed  during the re ac tio n  of an iline and pentyl 
n itr i te . The study of th ese  two sy stem s and of the n itro sam id e  
reac tio n s in  the p re se n ce  of a ryne  trap s  w ill p rov ide scope 
fo r investigation  fo r som e tim e to come.
211.
REFBRSNCES
1 M, Gomberg, J .  Amer. Chem. Soo. .  1900, 22, 757; Chem, B er. . 
1900, 3150.
2 H, Wieland, Chem. B er. . 1915# à § i 1078.
3 K.H. Meyer and E.G. B ilb ro th , Chem. B er. .1919. 52. 1476.
4  W.S.M. G rieve and D.H. Hey, J .  Chem. Soo. .  1934, 1797*
5 F. Paneth and W. Hof e d i t  z , Chem. B er. . 1929, j^ #  1335-
6 (a )  W.A. W aters, **The Chem istry o f  Free R a d ic a ls " , Oxford
U n iv e rs ity  P re ss , 1946; (b ) C.J.M . S t i r l in g ,  "R adicals
in  Organic C hem istry", Oldbourne, London, 1965;
(c ) W.A, P ryor, "F ree R a d ica ls" , McGraw-Hill, Hew York, 1966;
(d ) A.R. F o r r e s te r ,  J.M. Hay and R.H. Thomson, "Organic 
Chem istry o f  S tab le  Free R a d ica ls" , Academic P re s s , London,
New York, 1968,
7 O.K. Ingo ld , T rans. Faraday Soo. .  1938, 227.
8 D.H. Hey, J .  Chem. Soc. . 1934, 1966.
9 G. A. Razuvaev and Yu, A, 01*dekop, J . Gen. Chem. (U-S.S.R. ) .
1949, 12# 711, 1483; 1951, 2A, 1225; J .  McDonald B la i r ,
D. B rye e-Sm ith and B.W. P e n g illy , J .  Chem. Soc. . 1959# 3174.
10 D .J.B . Ingram, "F ree R a d ica ls" , B u tte rw o rth s , London, 1958, 
ch ap te r 2 .
11 (a )  A.L. Buchachenko, "S tab le  R ad ica ls" . E ng lish  t r a n s la t io n .
C onsu ltan ts  Bureau, New York, 1965; (b ) M. Bersohn and
J.C , B a ird , " In tro d u c tio n  to  E lec tro n  Param agnetic Resonance", 
Benjamin, New York, 1966; O.P. Poole, "Experim ental Techniques 
in  E lec tro n  Spin Resonance", W iley, New York, 1967#
A. C arring ton  and A.D. McLachlan, " In tro d u c tio n  to  Magnetic 
Resonance", H arper, New York, 1967# P.B. Ayscough, "E lec tro n  
Spin Resonance in  C hem istry", Methuen, London, 1967.$
12 (a )  M.C.R. Symons, Adv. Phys. Qrg. Chem. . 1963, 1# 283;
(b ) A, C arrin g to n , Q uart. Rev. . 1963, 12# 67; (o) R.O.C,
Norman and B.C. G ilb e r t ,  Adv. Phys. Org. Chem. . 1967, 53.
13 B.G. S egal, M. Kaplan and G.K, F raen k el, J .  Chem, Phys. .
1965, 6:1, 4191.
212.
14 M.S. Bio i s ,  H.W, Brown and J .S . M aling, 9 th  Collogue Ampere. 
I960, 243.
15 E.G. Rozantsev and M.B. Neiman, T etrahedron . 1964, 131.
16 J .B . B en n ett, H. S iep er and P. Tavs, T e trahedron . 196?, 23.1697,
17 (a )  D. K ive lson , J .  Chem. Phys. . 1960, H ,  1094# (b ) J.H .F reed
and G.K. F raen k e l, J .  Chem. Phys. ,  1963, 12 , 326;
(c )  J ,  G endell, J.H , Freed and G.K. F raen k el, J .  Chem. Phys. . 
1964, 61 , 949# (d ) D. K ivelson , J .  Chem. Phys. . 1966, 4 4 .
4445 and re fe re n c e s  th e re in .
18 A. Hudson and G.R, L uckhurst, Chem. Rev. , 1969, §3.* 191.
19 B.M. Kosyrev and S.G, S alikhov , Dokl. Akad. Nauk. S .S .S .R . .
1947, 1 8 , 1023# J .E , Wertz and J .L , Vivo, J .  Chem. Phys. .
1955, 21, 2193.
20 A.N, Holden, C. K i t t e l ,  F.R . M e rr itt  and W.A. Yager,
Phys. Rev. . 1950, 22# 147# C.H. Townes and J . Turkevioh,
Phys. Rev. .  1950, 2Z# 14-8.
21 H.S. J a r r e t t ,  J .  Chem. Phys. . 1953, 21_, 761 ; C. K ikuchi and
V.W, Cohen, Phys. Rev. . 1954, 2 ^ , 394.
2 2  D. B i l j  and A.C. R ose-Innes, P h i l .  Mag. .  1953, 4 i ,  1187.
23 M.C.R, Symons and M.G, Townsend, J .  Chem. Soc. .  1959# 263.
24 R.W. Fessenden and R.H. S ch u le r, J .  Chem. Phys. .  1963,12, 2147.
25 G.J.W, Gut oh and W.A. W aters, J . Chem. Soc. . 1965, 751.
26 (a ) E.G. Janzen and B ,J . B lackburn, J .  Amer. Chem. Soc. .
196.6 , 22# 5909# (b) C. L agerc ran tz  and S. F o rsc h u ltz ,
N atu re . 1968, 218, 12/^7.
27 G.M. C h a lfo n t, M.J, P erk in s  and A, Hors f i e ld ,  J .  -Amer. Chem.
Soc. .  1968, 22 , 7141.
28 0. F isc h e r, Chem. B er. .  I 876, 2# 463# 1877, 10, 959-
29 H. von Pechmann, Chem. B er. . 1892, 22, 3505; H. von Pechmann
and L. F roben ius, Chem. B er. . 1894. 27. 651 ; 0. K uhling,
Chem. B er. .  1895# 28, 4 I ,  523# 1 8 9 ^ 2 2 #  165.
213.
30 E. Bamberger, Chem. B er, , 1894, 22# 914; 1895, 28, 403;
1897# jO , 366.
31 M, Gomberg and W.E, Bachmann, J .  Amer. Chem. Soc. , 1924,
4 6 . 2339# M. Gomberg and J .C . P e m e r t ,  J .  Amer. Chem. Soc. . 
1926, Zfc8# 1372.
32 J ,  ¥. Haworth, I.M. H eilb ron  and D.H. Hey, J . Chem. Soc. .
1940, 372.
33 A.T. B lom quist, J .R . Johnson and H, J . Sykes, J .  Amer. Chem.
Soo. . 1943, 2446; D.H. Hey and G. S* H ier a . D iscuss.
Faraday Soc. . 1947, 2 , 279# D.F. DeTar and O.S. Savat,
J .  Amer. Chem. Soc. . 1953, J3> 5116.
34 H.H, Hodgson, J .  Soc. Dyers C o lo u ris ts , 1948, 6jj-, 99;
J .  Chem. Soc. . 1948, 348.
35 D.R. Augood and G,H. W illiam s, Chem. Rev. . 1957, 123;
G.H, W illiam s, "Homolytic Aromatic S u b s ti tu t io n " , Pergamon 
P re ss , Oxford, London, New York, P a r is ,  1960; D.H. Hey,
Adv. F ree-R ad ical C hem istry. 1967, 2, 47 .
36 D.H, Hey and W.A. W aters, J .  Chem. Soc. .  1948, 882.
37 E,C. B u tterw orth  and D.H. Hey, J .  Chem» Soc. . 1938, 116,
38  R, Huisgen and G. H oreld , Annalen. 1949# 562. 137.
39 D.F. DeTar, J .  Amer. Chem. Soc, , 1951, 1446.
40 (a )  I.K . Barbon and H, S usch itzky , J .  Chem. Soo. . 1960,
2735# (b ) P. M iles and H, S usch itzky , T e trahedron . 1962,
18, 1369.
41 H, S usch itzky , Angew. Chem. I n te r n a t .  Edn. . 1967, 6, 596.
42 D.H, Hey, J .  Stuart-W ebb and G.H, W illiam s, J .  Chem. Soc. .
1952, 4657 .
43 (a )  R. Huisgen and H. N akaten, Annalen. 1951, 121# I 8I ;
(b) R. Huisgen, A nnalen. 1951, 573. 163; (o) R. Huisgen and
L. K rause, A nnalen. 1951, 574. 157# (d) R. Huisgen, Annalen.
1951, 574. 17Î I  [e )  R. Huisgen and J .  R e in e r tsh o fe r , Annalen.
1952, 575. 174, 197; ( f )  R. Huisgen and H. N akaten, Annalen. 
1954, M ,  84.
44 W.A. W aters, J . Chem. Soc. .  1937, 113.
214.
45 D.F. DeTar and H .J . S c h e ife le , J .  Amer. Chem. Soc. . 1951? 7Z , 
1442.
46 M.S. Kharasch and M.T. G ladstone, J .  Amer, Chem. Soc. .
1945, H #  15; F.G. Edwards and F.R. Mayo, J .  Amer. Chem,
S oc., 1950, 12, 1265.
47  D.F. DeTar and R .A .J, Long, J .  Amer. Chem. Soc. .  1958, 80.
4742 .
48  E.L, E l ie l ,  M, E berhardt and 0 . Simamura, T etrahedron  
L e t te r s . 1962, 749.
49 D.B. Denney, N.E, Gershman and A. Appelbaum, J .  Amer. Chem. 
S o c ,, 1964, 86, 3180.
50 E.L. E l ie l  and J.G . Saha^ J .  Amer. Chem. Soo. .  1964, 3581,
51 (a )  D.H. Hey, M.J. P erk in s  and G.H. W illiam s, T etrahedron
L e t te r s . 1963, 445; (b) J .F . G arst and R .8 . Cole, Tetrahedron 
L e t t e r s . 1963, 679; (c )  G.A. R u sse ll and R.F. B rid g e r, 
T etrahedron L e t te r s . 1963, 737; (d ) D.H. Hey, M.J, P erk ins
and G.H. W illiams^ J .  Chem. S o c .. 1965, 110.
52 C. Rhchardt and B. Freudenberg, T etrahedron L e t t e r s . 1964,
3623.
53 C. R\ichardt and E. Merz, T etrahedron L e t t e r s . 1964, 2431.
54 E. Bamberger and A. von G oldberger, Chem. B er. , 1898,
2636; E. Bamberger, Chem. B e r . . I 896 .' 29* 446; 1920. 53 ,23O8 .
55 T, Kauffmann, H.O, F r ie s  tad  and H. H enkler, Annalen. I960,
6 ^ ,  64 .
56 O .B inschand C.R&chardtj J. Amer. Chem. Soo. . 1966, 173.
57 A.D. McLachlan, Mol. Phys. .  I960, 233.
58 H.M, McConnell, J .  Chem, Phys. .  1956, 764.
59 G. Bins oh, E. Mers and C. R hohardt, Chem, B e r . . 1967, 100 . 247*
215.
60 G, C ha lfon t, M.J. P e rk in s , D.H, Hey and K.S.Y, L iang, Chem. 
Comm. . 1967, 567 .
61 G. R. C halfon t and M.J, P e rk in s , J . Amer. Chem. S o c ,, 1967#1# 3054 *
62 A.R. F o r re s te r ,  Chem. and In d . . 1968, 1483.
63 J . I .G .  Cadogan, D.H, Hey and G.H, W illiam s, J . Chem. Soc. .
1954, 3352.
64 J . I .G .  Cadogan and P.G. H ib b ert, P roc. Chem. Soc. . 1964, 338; 
J .I .G , Cadogan, Pure Appl. Chem. , 1% 7. 15 , 153."
65 D.L. Brydon, Ph.D. T hesis , S t. Andrews, 1967.
66 D.L. Brydon, J .I .G . Cadogan, D.M. Smith and J.B . Thomson,
Chem. Comm. . 1967, 727.
67 M .J.P. H arger, Ph.D. T h esis , S t , Andrews, 1968.
68 J.B , Thomson, Ph.D. T h es is , S t. Andrews, 1968,
69 W.S.M. G rieve and D.H, Hey, J .  Chem. S o c ., 1935, 689.
70 D.H. Hey and J ,  P e te rs , J .  Chem. Soo. .  I 96O, 79.
71 J . I .G .  Cadogan, J . Cook and J .T , Sharp, unpublished r e s u l t s .
72 W.A. W aters, J .  Chem. Soc. . 1937, 2007; J .I .G . Cadogan,
P.G. H ibbert and D.H. Hey, J .  Chem. Sqc. 1965, 3939.
73 E. Fremy, Ann. Chim. Phys. .  I 845 , 1^, 459.
74 0, P i lo ty  and B.G. Schwerin, Chem. B er. , 1901, 1^ , I 87O, 2554.
75 J.Q . Adams, S.N. N icksic  and J.R . Thomas, J .  Chem. Phys. .
1966, 654 .
76 G.M, Coppinger and J.D . Swalen, J .  Amer. Chem. Soc. ,  1961,
m ,  *^900.
77 J .C , B aird  and J .R . Thomas, J .  Chem. Phys. . I 961 , 1 ^ , 1507.
216.
78 (a )  Th. A. J.W. W ajer, A. Mackor, Th, J , de Boer and J.D.W,
van V oorst, T etrahedron  L e t t e r s . 1966, 2115; (b) T etrahed ron .
1967# 2^, 4021,
79 F.H. B an fie ld  and J .  Kenyon, J . Chem. Soc. , 1926, 1612.
80 R. B rie re  and A, R a ssa t, B u ll. Soc. ohim. F ran ce , 1965, 378,
81 E.G. Rozantsev, R ussian  Chem. Rev. , 1966, 1 ^ , 658.
82 L, P au lin g , "The N ature o f  the  Chemical Bond", C ornell 
U n iv e rs ity  P re ss , New York, I960, p. 343; B. Andersen and 
P. Andersen, A cta. Chem. Sçand. , 1966, 20, 2728.
83 J.W. L in n e tt ,  J .  Amer. Chem. Soc. . 196I , 2643; "The
E le c tro n ic  S tru c tu re  o f  M olecules", Methuen, London, 1964, 
pp. 57 and 75*
84 H. Wieland and K. Roth, Chem. B er. . 1920, 210.
85 (a ) A.K. Hoffmann, A.M. Feldman and E, Gelblum, J .  Amer. Chem.
Soc. . 1964, 86 , 646; (b ) A.K.Hoffmann and A.M. Feldman,
U .8 .F ** 1965, 1 , 197, 508; (Chem. Abs. .  1965, 6^, 13076).
86 G.R, D e lp ie rre  and M. Lamohen, Q uart. Rev. , 1965, H ,  329; 
M.A.T. R ogers, J .  Chem. Soc. . 195^, 2784
87 R.M. Dupeyre and A. R a ssa t, J ,  Amer. Chem. S o o ., 1966,88, 3180.
88 J .  B rend t, Annalen. 1924 , 437 . 1.
89 A, Mackor, Th,A. J.W. Wajer, T h .J .d e  Boer and J.D.W. van V oorst, 
T etrahedron L e t t e r s . 1967, 385*
90 R .J . F aber, F.W. Markley and J.A . W eil, J . Chem, Phys. ,  1967, 
à6 , 1652.
91 H. Lem aire, Y. M aréchal, R. Ramasseul and A. R assa t, B u ll . Soc. 
chim. F ran ce . 1965, 372.
92 P.H.H. F isch e r and F.A. Neugebauer, (a ) 2. N atu rfo rsch  (A ).
1964, 1 2 , 1514; (b) Z. N atu rfo rsch  (B ). 1966, 21, IO36 .
93 A. Mackor, Th.A.J.W, Wajer and T h .J .d e  Boer, T etrah ed ro n .
1968, 1623.
217.
94 G. C hapelet-Leiourneux, H. Lemaire and A. R aasa t, B u ll. S q c . 
chim. F rance. 1965, 3283.
95 J.R . Thomas, J .  Amer. Chem. Soc, .  1964, 86, 1446.
96 (a )  B.C. G ilb e r t and R.O.C, Norman, J .  Chem. Soc. (B ). 1966,
86; (b) B.C. G ilb e r t  and R.O.C, Norman, J .  Chem. Soc. (B ).
1966, 722.
97 H. Lemaire and A. R a ssa t, T etrahedron L e t t e r s . 1964, 2245*
98 M.C.R, Symons, J .  Chem. Soc. . 1965, 2276.
99 M. Bethoux, H, Lemaire and A. R assa t, B u ll .  Soc, chim. F rance.
1964, 1985.
100 M.C.R. Symons, J .  Chem. Soc. .  1963, 1189.
101 B.C. G ilb e r t  and R.O.C. Norman, J .  Chem. Soc. (B ). 1967, 981.
102 B.L. Cochran, F .J .  A drian and V.A. Bowers, (a )  J .  Chem. Phys. .
1964, 213; (b ) J .  Chem. Phys. . 1962, ^6 , 1938;
(c )  J .  Chem. Phys. . 1962, 16 , l6 6 l,
103 G. Cauquis, M. G enies, H. Lemaire, A, R assat and J .P .  R avet,
J .  Chem. Phys. . 196?# ü ,  4642.
104 D.R. Levy and R .J . Myers, J .  Chem. Phys. .  1965 , 42 . 3731 ;
F. J .  G eels, R. Konaka and G.A, R u sse ll , Chem. Comm. . 1965, 13.
105 "D ic tio n ary  o f Organic Compounds", Eyre and Spottisw oode 
(P u b lish e rs )  L td . ,  S. and P.N. Spon, L td . , London, 1965*
106 R .S, B ly, G.A. P erk ins and W.L, Lewis, J .  Amer. Chem. Soc. .
1922, Ü ,  2900.
107 K. Gasiorow ski and V. Merz, Chem. B er. . 1885, 1 8 , 1009.
108 A. Vogel, " P ra c t ic a l  O rganic C hem istry", Longmans, Green and 
C o., London, New York and Toronto, 1956, p. 582.
109 C. Rhchardt and S. E ic h le r , Chem.Ber. . 1962, 21# 1921.
110 H. F rance, I.M . H eilb ron  and D.H. Hey, J .  Chem. S o c .. 1940, 369*
111 J .R . Morton and H.W. Wilcox, Ino rg . Synth. . 1953, 4 ,  48.
218.
112 H, Gomberg and H.W. B erger, Chem* B er. . 1903, Ü i, 1088.
113 H. Wieland, H. vom Hove and K. B orner, Annalen. 1926, 446. 31.
114 G.L. D avies, D.H, Hey and G.H. W illiam s, J .  Chem. Soc. .
1956, 4397.
115 C.B. C astro , L .J .  Andrews and R.M. K eefer, J .  Amer. Chem.Soc. . 1958, m , 2322.
116 E. M atsui, J .  Soo. Chem. Ind , . Japan . 1942, 41# 300;
(Chem. Abs. .  1950. 44 . 9l8ëd!i.
117 R. J , Faber and G.K. F raen k el, J .  Chem. Phys. . 196?, 2462.
118 J.Q . Adams and J .R . Thomas, J .  Chem. Phys. .  1964, 12 , 1904.
119 C. R e ich ard t, Angew. Chem. In te rn a t .  Edn. . 1965, 36.
120 E.M. Ko sower, J .  Amer. Chem. Soc. . 1958, 3253.
121 In te rn a tio n a l  C r i t i c a l  T ab les, VI, McGraw-Hill, New York,
1929, p . 83.
122 J.R . Thomas, J .  Amer. Chem. Soc. .  I960, 82, 5955.
123 B.T. Strom, A.L. Bluhm and J .  W einstein , J . Org. Chem. .
1967, 12, 3853.
124 R, I to ,  T. M ig ita and 0 . Simamura, A b strac ts  o f Papers of
th e  16th  Annual Meeting o f  th e  Chemical S ocie ty  o f  Japan,
1963, 223.
125 Y, Deguchi, J .  Chem. Phys. .  I960, 32, I 584.
126 P.B. Ayscough, A.P. McCann and R. W ilson, P roc . Chem. Soc. .
1961, 16.
127 E. Huckel, Z. Phys I k . 1931, 204.
128 M.E, Anderson, P .J .  Z andstra and T.R. T u t t le ,  J .  Chem. Phys. 
I960, 1 1 , 1591.
129 D.H. Levy, Ph.D. T h esis , U n iv e rs ity  o f  C a lifo rn ia , 1965.
130 L, P au ling  and G.W, Wheland, J .  Amer. Chem. Soc. .  1935,
12 , 2086.
219.
131 A. S tre i tw e is e r ,  “M olecular O rb i ta l  Theory fo r  Organic 
Chemists'*, W iley, New York, 1961,
132 J .  Yamauchi, H. N ish ig u ch i, K. Mukai, Y. Deguchi and 
n. T akaki, B u ll. Chem. Soc, Jap an . 1967, 2512.
133 0 . K ikuchi and K, Someno, B u ll. Chem. 800 . Jap an , I 967,
&0, 254.9,
134 P.B. Ays cough and F .P . S arg en t, J . Chem. Soc. (B ). 1966,
907.
135 P,H. R ieger and O.K. P raen k el, J .  Chem. Phys. . 1962, 37 ,
2811.
136 R .8 . M ulliken, J .  Chim. P hys. .  194-9, ^ 6 , 497, 675.
137 R, Hoffmann, J .  Chem. P hys. .  1963, 1397,
138 R,B. Cramer and R.S, Drago, J .  Auer. Chem. Soc. . 1968,
5 0 , 4790.
139 J.A . Pople and G.A. S egal, J .  Chem. Phys. . 1965, 3129,
140 J.A . Pople and M, Gordon, J .  Amer. Chem. Soc. . 1967, 89.
4253 .
141 J .A . Pople, B.L. Beveridge and N.S. Ostiund, I n te rn .  J . Quant. 
Chem. . 1967, 1 ,  293,
142 J.A . Pople, B.L. Beveridge and P.A. Bobosh, (a ) J .  Chem, Phys. .  
1967, 4 J ,  2026; (b ) J .  Amer. Chem. Soc. .  1968, 4201.
143 N.M. A therton  and A. H in c h lif fe , Mol. Phys. . 1967, 1 2 , 349,
144 M.S. W ebster, J .  Chem. Soc. . 1956, 2841.
145 J .B . B ennett, B. M ile and A, Thomas, P roc. Roy. S oc .(A ).
1966, 246.
146 T. Yonezawa, I .  Noda and T. Kawamura, B u ll. Chem. Soc.
Japan . 1968, 766.
147 M. K arplus and G.K. P raen k el, J .  Chem. Phys. .  1961, 1312.
220.
148 Th.A.J.W, W ajer, A. Mackor, T h .J . de Boer and J.D.W, 
van V oorst, T etrahedron L e t t e r s . I 967, 1941.
149 B .J , Cowley and L.H. S u tc l i f f e ,  Chem. Comm. . 1968, 201.
150 J .  G endell, J.H , Freed and G.K, P raen k el, J .  Chem. Phys. .
1962, XL> 2832.
151 K. Gmemoto, Y, Deguchi and H. Takaki, B u ll Chem. Soc. Japan .
1963, 560.
152 Th.A. J.W. Wajer, A. Mackor and T h .J . de B oer, T etrahedron , 
1969, 25 , 175.
153 K. Mukai, Y* Deguchi, H, N ish iguch i, H. Takaki and K. I sh ia u , 
B u ll. Chem. Soc. Japan , 1967, 4 0 . 2731.
154 T. Kawamura, S. Matsunami, Y. Yonesawa and K. Pukui, B u ll . 
Chem. Soc. Japan . 1965, 1935.
155 "P. Kawamura, S, Matsunami and Y. Yonezawa, B u l l . Chem. Soc.
Japan . 1967, 1111.
156 A .J . Stone, Mol. Phys. . 1963, 6, 509.
157 R .I .  W alter, J .  Amer. Chem. Soc. . 1966, 88, 1923,
158 “R ad ica l Ions*', Ed. E.T. K a ise r and L. Kevan, Wiley,
New York, 1968, p . 25.
159 J.W. Haworth and D.H, Hey, J .  Chem. Soc. . 1940, 36I ,
160 I.M. H eilb ron , D.H. Hey and A. Lambert, J .  Chem. Soc. .
1940, 1279.
161 D.H, Hey, B.W. P e n g illy  and G.H, W illiam s, J .  Chem. Soc. . 
1956, 1463.
162 R.L. Dannley and B. Zaremsky, J .  Amer. Chem. Soc. , 1955,
2Z, 1588.
163 C.S. Rondestvedt and H.S. B lanchard , J .  Amer. Chem. Soc. . 
1955, 2Z, 1769.
164 A. C alder, A.R, F o rre s te r  and R,H. Thomson, J .  Chem. S o c .(C ). 
1969, 512.
221,
165 J . I .G ,  Cadogan, R,K. Mackie and J .E . M itc h e ll, unpublished 
r e s u l t s .
166 J . I .G ,  Cadogan, J ,R , M itch e ll and J .T . Sharp, unpublished 
r e s u l t s .
167 A.P. L ev it and I .E .  G ragerov, 2hur o rg . Khim., 1969, 310.
168 C, Thomson, unpublished  r e s u l t s .
169 C. R üchardt, p e rso n a l communication.
170 E.M. Cooper and M.J, P e rk in s , T etrahedron L e t te r s ,  1969,
2477.
171 0 . Chachaty and A, F o rch io n i, T etrahedron L e t t e r s . 1968,
1079.
172 E. B r ie re , H. Lemaire and A, E assa t, J .  Chem. Phys. .
1968, 2fc8, 1429.
173 K. Maruyama and T. O tsuk i, Tetrahedron L e t t e r s . 1966,
3705; K. Maruyama, T. O tsuki and I ,  Iwao, J .  Org. Chem. .
1967, i g ,  82.
174 P.B. Ays cough, P .P . Sargent and E. W ilson, J .  Chem. S o c .fB ). 
1966, 903.
175 G.A. R u s se ll ,  E .J . G e e l s ,  F .J .  Smentowski, K .-Y , Chang,
J .  Reynolds and G. Kaupp, J .  Amer. Chem. Soc. .  1967,3821.
176 R.L. Ward, J .  Chem. Phys. . 1963, 2588.
177 l .B . Rabinovich and Z.D. Mulikova, Sbornik S ta te !  Obshchei
Khim Akad. Nauk S .S .S .R ,, 1953, 1, 252; (Chem. AbsTI 
1955, 899g).
